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CORRECTIONS 


On page 62, Vol. 102, No. 1, September, 1933, Table II, tenth column, 
the sixth, fifth, and fourth readings from the foot of the page. read 
0.413, 0.530, and 0.470 for 4.13, 5.30, and 4.70, respectively. 


On page 193, Vol. 102, No. 1, September, 1933, line 2 of the first an- 
alysis, read CsHyO; for CsHi.0c. 


On page 506, Vol. 102, No. 2, October, 1933, line 2 from foot of page 
insert f before equality sign. 


On page 564, Vol. 102, No. 2, October, 1933, line 9 of paragraph 3, 
read It was shown that the reaction is reversible by taking solutions heated 
at 100° and subsequently maintaining the temperature at 50° for It was 
shown that a true equilibrium was set up by taking solutions heated at 100° 
and continuing the heating at 40°. 
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THE OPTICAL ROTATORY POWER OF HEAT-DENATURED 
EGG ALEUMIN 


By H. ALBERT BARKER 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, June 14, 1933) 


The most obvious change in egg albumin brought about by the 
action of heat, strong acids and alkalies, alcohol, concentrated 
urea, and other reagents is the total loss of solubility in the region 
of the isoelectric point. Indeed, complete insolubility at the 
isoelectric point, especially in the presence of neutral salts, is the 
primary and, for a long time, was the only definition of denatured 
egg albumin. Such a definition is, of course, consistent with the 
common classification of the native proteins on the basis of their 
solubilities. Nevertheless, this definition is unsatisfactory be- 
cause it is purely qualitative and readily leads to the unjustified 
assumption that the products resulting from the treatment of 
native egg albumin with any of the above mentioned reagents are 
all identical provided only that they show the same insolubility. 

We have therefore undertaken more adequately and quantita- 
tively to characterize one derivative of native egg albumin; 
namely, that produced by the action of heat, by means of its 
optical rotatory power. To this end we have studied the depend- 
ence of the specific optical rotation of heat-denatured egg albumin 
upon the time and temperature of heating, the hydrogen ion and 
protein concentrations of the heated solution, and the state of 
ionization of the protein. 

Comparatively few observations and no systematic studies have 
been made on the optical rotation of denatured egg albumin. 
Nevertheless, it has long been known that in general the rotation of 
protein solutions is increased by those changes which are collec- 
tively called denaturation. The most strongly acid solution ob- 
served by Frisch, Pauli,and Valk6 (1925 ) displayed a much greater 
rotatory power than the less acid solutions. Holden and Freeman 
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(1930) invariably observed an increase in rotation whether acid, 
alcohol, or heat was used as the denaturing agent. They state that 
numerous unsuccessful attempts were made to prepare specimens 
of denatured egg albumin of definite and constant specific rota- 
tion. The range observed was from [—58.8°]54: for a sample 
prepared with cold alcohol to [—99°]s4; after prolonged treatment 
with 0.5 N hydrochloric acid at 37°. Further, they observed a slow 
change in rotation in acid and alkaline solutions during a period of 
12 days. From these miscellaneous observations they concluded 
that denatured proteins might only be regarded as uncertain mix- 
tures which cannot be successfully characterized by their specific 
optical rotations. 

The observations of Holden and Freeman appeared to us in- 
sufficient completely to justify the conclusions drawn from them. 
It seemed at least possible that a more systematic study of the 
conditions of a single kind of denaturation would show upon what 
the variations of rotatory power depend. 7 

Since egg albumin solutions freed from salts by prolonged dialy- 
sis or even electrodialysis are coagulated by heat in the region of 
the isoelectric point, the rotatory power may be studied only in 
solutions sufficiently acid or alkaline to prevent flocculation. The 
acid protein solutions seem the less desirable to use because, due 
to the position of the isoelectric point, only solutions so acid as to 
cause decomposition of the protein (Sjégren and Svedberg, 1930) 
suffice to hold heat-denatured egg albumin in solution. Salt- — 
free solutions, alkaline to the isoelectric point, do not coagulate 
nor become opalescent above about pH 6.7. There is thus a wide 
zone of pH 6.7 to about pH 10.0 in which the native egg albumin 
at least is stable in the sense of retaining its normal molecular 
weight and being monodisperse (ultracentrifuge). We have there- 
fore chosen to study the rotatory power of the sodium salts of 
denatured egg albumin. 

Criticism of the use of solutions alkaline to the isoelectric point 
might, however, be made on the basis of the work of Sgrensen and 
Sorensen (1925). They showed that the decomposition of coagu- 
lated egg albumin (measured by the increase in soluble nitrogen) 
due to the action of boiling water is at a minimum in the isoelectric 
region and increases markedly with increasing distance of the pH 
of the solution from this region. However, even the total nitro- 
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gen liberated after 3 hours boiling at pH 6.1 amounted to only 
0.11 per cent of the original nitrogen present. This figure would 
be greatly reduced if the time and temperature of heating were 
greatly decreased as in our experiments. We may therefore as- 
sume as a first approximation that decomposition of an indefinite 
sort does not distort our measurements of the rotatory power of 
alkaline, heat-denatured egg albumin. 


Methods and Materials 


The stock solutions of egg albumin were prepared according to 
the method of Sérensen and Héyrup (1917) and were either two or 
three times recrystallized and subsequently dialyzed or electro- 
dialyzed until practically free from salts. Stock Solution D-3, 
with which all of the experiments on optical activity here recorded 
were carried out, possessed a specific conductivity of 6.75 X 
10-* reciprocal ohms in 1 per cent solution at 25°, a pH of 4.92, and 
a specific optical rotation of 37° for the mercury green line, A 
= 5461 A. 

The pH of the protein solutions was adjusted with CO,-free 
sodium hydroxide. The pH measurements were made with a 
glass electrode, with two standard buffer solutions for reference 
values. 

The protein concentration was determined by drying samples 
of the solution to constant weight at 110° and making a correc- 
tion for the acid or alkali added to give the desired pH. ‘The pro- 
tein stock solution was assumed to be salt-free. 

A Schmidt and Haensch, Lippich, half shadow polarimeter 
with a three section field of view, reading to 0.01°, was used for 
rotation measurements. The source of light was a mercury arc 
provided with filters to give only the green line, \ = 5461 A. 

A water thermostat was used which gave temperatures constant 
to within +0.15°. 


EXPERIMENTAL 


Dependence of Rotatory Power upon Time and Temperature of 
Heating—The following procedure was used. An egg albumin 
solution of suitable concentration and pH was prepared and di- 
vided among several Pyrex test-tubes. These were immersed in 
the water thermostat at the desired temperature and were with- 
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Effect of Time and Temperature upon Specific Optical Rotation, [a], of 


TABLE I 


Alkaline, Heat-Denatured Egg Albumin Solution D-3. 10 Cm. 


Polarimeter Tubes. \ = 5461 A. 
Protein con- 
Tompersture | | | | a 
solution 
Ge min. gm. degrees degrees 
70.0 2 7.41 3.64 —1.34 —36.8 
4 (7.40)* 3.77 —1.46 —38.7 
8 7.40 3.72 —1.47 —39.5 
16 (7.40) 3.76 —1.64 —43.6 
32 7.40 3.72 —1.79 —48.1 
64 (7.40) 3.73 —2.08 —55.8 
72.5 2 7.44 3.66 —1.36 —27.2 
4 (7.42) 3.67 —1.42 —38.8 
8 7.40 3.67 —1.60 —43.6 
16 (7.42) 3.67 —2.01 —54.8 
32 7.42 3.67 —2.33 —63.5 
64 (7.42) 3.68 —2.67 —72.5 
75.0 2 (7.44) 3.66 —1.39 — 38.0 
4 7.45 3.68 —1.538 —41.6 
8 7.37 3.72 —2.18 —58.6 
16 7.45 3.66 —2.54 —69.4 
32 7.44 3.72 —2.76 —74.2 
64 7.45 3.70 —2.88 —77.8 
80.0 2 7.36 3.71 —1.64 —44.2 
3 (7.39) 3.74 —2.43 —65.0 
4 7.39 3.71 —2.57 —69.3 
5 (7.39) 3.70 —2.64 —71.4 
15 7.40 3.74 —2.82 —75.4 
30 (7.39) 3.71 —2.83 —76.3 
80.0 0.50 (7.27) 3.78 —1.36 — 36.0 
0.75 (7.27) 3.76 —1.33 —35.4 
1.0 7.25 3.75 —1.37 —35.6 
2 (7.27) $.746 | —1.88 50.0 
5 (7.27) 3.75 | —2.71 —72.3 
15 7.29 3.70 | 
85.0 2 7.48 3.65 —2.46 —67.4 
3 7.40 3.70 —2.59 —70.0 
5 7.43 3.70 2.64 —71.4 
10 7.40 3.68 —2.67 —72.6 
20 7.38 3.70 | —74.3 


= 


* Parentheses indicate values which were not directly measured. 
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drawn successively at various time intervals and immediately 
cooled in ice water. Later they were brought to room tempera- 
ture (22°) and the optical rotation was measured in 10 ecm. po- 
larimeter tubes. The solutions were analyzed directly after the 
readings were completed. 

The experimental results are given in condensed form in Table 
I and are represented graphically in Fig. 1. 

It is evident from Fig. 1 that the increase of optical rotation 
with time of heating, under the conditions of these experiments, is 
a regular and continuous process. ‘The increase is at first rapid 
and then much slower. It seems probable that the limiting value 


og 
ol 
< 
> x bad 75° — 
6 
= x r) 7 
| 
re) 
° 
< = 
= 
A 
3 0 I5 20 25 30 35 40 45 50 55 60 65 
a TIME OF HEATING IN MINUTES 


Fic. 1. The effect of temperature and time of heating upon the specific 
optical rotation of alkaline, heat-denatured egg albumin, Solution D-3, at 


pH 7.4. 


for all temperatures is the same, namely about 76-77°, although 
the change is too slow at the lower temperatures to reach comple- 
tion in 1 hour. In other words, the limiting value of the optical 
rotation is independent of the temperature of heating. 

We are now in possession of the knowledge necessary to choose 
a standard time and temperature of heating for the purpose of 
comparing the optical rotation of heat-denatured egg albumin 
solutions under various conditions. We have thought it desirable 
to make the temperature and time as low and short as possible, 
respectively, in order to avoid unnecessary decomposition of the 
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protein due to the action of hot water and still be certain that the 
optical rotation has closely approached its limiting value. ‘There- 
fore we have chosen a standard heating time of 20 minutes in a 
water bath at 80°. The protein solution (in Pyrex test-tubes) will 
therefore only be at 80° for approximately 17 minutes. However, 
in this region the time-optical rotation curve is so flat that a few 
minutes difference in heating time will scarcely at all affect the 
observed rotation. Differences in the shape and thickness of the 
test-tubes containing the protein solutions also will not increase 
the uncertainty of the observations. 

It is perhaps worth pointing out in this place that measurements 
of the type which we have carried out might well be used in studies 
of the kineties of the denaturation of proteins. This method un- 
doubtedly has some advantages over the analytical methods 
heretofore used. It is much less laborious and continuous obser- 
vation is possible. Our own measurements are not suitable for cal- 
culating the velocity constants of the reaction, however, because 
too few experimental points have been taken, because the tempera- 
ture has not been sufficiently constant, and finally because the pH 
of the solutions has been allowed to vary throughout the experi- 
ments. Due to this last cause, most probably, the curve obtained 
by roughly plotting the logarithm of the optical rotation against 
time for one temperature is not linear but alters in such a manner as 
to indicate a progressively decreasing velocity constant. ‘This 
same phenomenon was observed by Chick and Martin (1913) in 
their classical experiments on the kinetics of protein denaturation. 

Dependence of Rotatory Power upon pH of Heated Egg Albumin 
Solution——Preliminary experiments indicated that the limiting 
value of the optical rotation reached as a result of heating de- 
pends strongly upon the pH of the heated solution. It must be 
noted that there is for the present some arbitrariness in assigning 
a definite pH value to a heated egg albumin solution. It is neces- 
sary to digress briefly in order to make this situation clear. 

When an egg albumin solution is denatured by heating, there 
occurs, in general, an alteration in hydrogen ion concentration in 
the sense that in acid solutions the hydrogen ion concentration 
decreases whereas in alkaline solutions it increases. Somewhere 
near the region of neutrality the hydrogen ion concentration 
neither increases nor decreases. 
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Our own observations upon the change of pH accompanying the 
heating of egg albumin solutions are presented graphically in Fig. 
2, as are also the data of Sgrensen and Jiirgensen (1911), Quaglia- 
riello (1912), and Chick and Martin (1913). 

Despite the very evident lack of precise agreement, one may 
note certain general similarities in the data of the various investi- 
gators shown in Fig. 2. There is an unmistakable maximum in 
the region of pH 5 to 6. On the acid side of this maximum the 
pH values decrease continuously and approach the abscissa asymp- 
totically. This trend of the curve is, of course, an inevitable con- 
sequence of the method of plotting the data, for the buffer of the 
more acid solutions is relatively much greater than that of the less 


St 

a. 


pH, 
-o5 C3 
@ B83) BARKER ABOUT 4% 
QUAGLIARIELLO (1912) ABOUT 0.6% 
@2 CHICK AND MARTIN (i913) ABOUT 1.0% 
D2 0 SBRENSEN AND JURGENSEN (191!) 06 - 36% 


Kia. 2. The relation of the pH change accompanying the heat denatura- 
tion of egg albumin to the pH of the unheated solution. 


acid solutions. To the alkaline side of the maximum the curve 
also decreases in such a way as to become zero at about pH &. 
Beyond this the ApH values change sign and eventually pass 
through a minimum in the region of pH 9 to 10. In more alkaline 
solutions the curve will again approach the abscissa asymptotically 
for the same reason that it did so in strongly acid solutions. One 
should particularly note that the isoelectric point is not distin- 
guished by any particular modification of the curve; the maximum, 
minimum, and the zero point all fall elsewhere. 

The factors which influence the magnitude of the pH change are 
not clear from the existing data. It is true that the principle pH 
change accompanies the progressive loss of solubility. However, 


A 
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no simple relation appears to exist between the two. 
tion to and following the primary pH change accompanying dena- 


TABLE II 


In addi- 


Dependence of Specific Optical Rotation, [a], of Alkaline, Heat-Denatured 
Egg Albumin, Solution D-3, upon Initial pH of Solution. 


Protein con- 
centration 
per 100 ce. 

solution 


gm. 


4. 87-4.93 


Polarimeter Tubes. 


= aA. 


or 


w 


w 


hon 


degrees 


—71. 


(ar) 


degrees 


—71. 
—74. 


—68. 
—67. 
—65. 
—64. 


10 Cm. 


[ar] 


| 
| 


degrees 
—3.65 
—3.61 


to to bo 


degrees 
—74.3 
—73.8 
—73.4 
—73.8 
—73.8 
—-71.8 
—70.4 
—70.1 
—69.9 
—70.0 
—68.5 
—69.1 
—68 .2 
—67.3 
—66.9 
—67.1 
—67.2 
—66.2 
—67.2 
—67.5 
—68.3 
—69.8 
—68.9 
—63.8 
—63 .2 
—64.3 
—64.1 


—64.2 


—64.6 


turation, there is a slow change in pH which may probably best 
be accounted for by gradual decomposition of the protein under the 


action of hot. water. 


| 
| 
| 7.14 | —4.20 | -86.0 | 9.49 | | 
7 —4.19 | -85.0 | 9.56 | —3.60 | 
| | —4.01 | -82.4 9.56 —~3.61 | 
| | —3.97 | -80.8 | 9.64 | —3.62 | 
| —3.81 | -—77.8 10.20 | —3.44 | 
| | —3.73 | —76.6 | 10.33 | —3.42 | 
| —3.75 | —76.2 | 10.42 | —3.41 | 
3.92-4.00 | —3.30 | —83.5 | 9.08 | -—2.76 | 
| | | 9.30 | —2.69 | 
| -3.17 | —80.0 9.42 | —2.74 | 
| | —3.15 | —79.8 9.47 —2.68 | 
| | —3.05 | —77.5 | 9.75 | —2.65 | 
| | —3.01 | —76.4 9.90 ~2.66 | 
| —-3.00 | —759 | 10.04 | —2.66 | 
| 94 | 10.09 | —2.65 
| 90 110.30 —2.65 
| 88 | 10.41 —2.64 | 
$1 | —71 11.02 | 
83 | 11.16 
| 883 —71 11.31 
| | 85 | 11.36 | 
12 | «9.35 —1.80 
| 9.53 ~1.80 
—1.94 | -1.80 | 
'—1.89 | | 10.11 | —1.80 | 
—1.85 10.29 | ~1.81 
| —1.82 | | 1042 -131 | 
XUM 


H. A. Barker Y 


For want of a better method of expressing the pH of the solution 
during the denaturation, we have used the initial pH. This value 
should be fairly satisfactory for comparing protein solutions of 
otherwise similar composition. 

‘Table II gives the data relating the specific optical rotation of a 
heat-denatured egg albumin solution to the initial pH. The 
standard heating time of 20 minutes at 80° was used. Each sec- 
tion of the table corresponds to experimental solutions of a differ- 
ent protein concentration. ‘The data are represented graphically 
in Fig. 3. 
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SPECIFIC OPTICAL ROTATION A 


pH BEFORE HEATING 


Fig. 3. The dependence of the specific optical rotation of alkaline, 
heat-denatured egg albumin, Solution D-3, upon the initial pH and concen- 
tration of the solution. The concentration in gm. per 100 cc. of solution is 
for Curve I, 4.89; Curve II, 3.95; Curve III, 2.82. 


It will be observed in Fig. 3 that specific rotation values cor- 
responding to a given protein concentration fall along a smooth 
curve. The rotation decreases continuously with increasing pH 
in the region of pH 6.6 to 9.0, at least. In solutions more alkaline 
than this the specific rotation passes through a minimum and in- 
creases slightly. Probably the curves corresponding to different 
protein concentrations would converge and might coincide in 
very alkaline solution. 

Dependence of Rotatory Power upon Egg Albumin Concentration 
—The three curves in Fig. 3 correspond to experiments carried out 
with different protein concentrations. The general form of the 
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curves is independent of the concentration, although the position 
of the minimum is displaced to lower pH values in solutions of 
lower concentration, so that the curves are not strictly parallel 
over the whole range studied. A point of great interest is that the 
specific optical rotation of a heat-denatured egg albumin solution, 
referred to a particular pH value of the unheated solution, is 
strongly dependent upon the protein concentration. ‘This de- 
pendence is nearly linear in the region of pH 7.0 to 9.0. Above 
pH 9.0, in the region of the minima in the pH-optical rotation 
curves, the linear relation is lost. The following equations give 
the dependence of the specific optical rotation upon protein con- 
centration for three pH values in the region of linearity. C is 
gm. of protein per 100 ce. of solution. 


pH 7.0 [a] = —6.76 C — 54.0 
“ 8.0 [a] = —6.47 “* — 49.2 
“ 9.0 [aj = —5.65 “ — 48.1 


Dependence of Rotatory Power wpon State of Ionization—All of 
the previously described experiments which elucidate the relation 
between pH and the rotatory power of denatured egg albumin 
were carried out by heating a series of solutions of various acidities 
and then measuring the optical rotation. The observed effect 
might therefore be due either to the act of heating at a definite 
acidity, or to the final acidity alone, independent of the acidity 
during heating. In short, the acidity might be important for the 
kinetic process of denaturation or it might determine an equilib- 
rium condition. 

In order to elucidate this matter, we carried out a series of ex- 
periments in which one single solution was heated and cooled, and 
then various portions were diluted and brought to various hydro- 
gen ion concentrations. The optical rotation was then measured. 


DISCUSSION 


It. will be seen from Table III that the specifie optical rotation 
is, within the experimental error, independent of the final hydro- 
gen ion concentration, and that its absolute value is higher than 
in any of our previous experiments. ‘The constancy of specific ro- 
tation with varying hydrogen ion concentration under these con- 
ditions undoubtedly proves that the state of ionization of the pro- 
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tein molecules does not control the variation of specific rotation 
with pH of the heated solution (Fig. 3). Therefore we must admit 
that the other alternative is true; namely, that the pH is primarily 
important for the kinetic process of denaturation. 

The high absolute value of the specific rotation must be similarly 
explained. Evidently, not the final values of the pH and concen- 
tration, but the values during heating determine the observed 
rotation. We have seen that lowering the pH and increasing the 
protein concentration both increase the specific rotation. The 
value of 94° (Table III) was obtained with a solution of an initial 
pH of 7.4 and a protein concentration of 6 to 7 gm. per 100 ce. of 
solution. Actually we could have predicted the observed rotation 
on the basis of our previous experiments. 


TABLE III 
Dependence of Specific Optical Rotation, [a], of Alkaline, Heat-Denatured Egg 
Albumin, Solution D-3, upon State of Ionization of Protein. 
10 Cm. Polarimeter Tubes. X = 5461 A. 


gm. degrees degrees 
7.83 3.55 ~ —93.2 
8.06 3.57 ~3.38 —93.2 
8.36 3.55 —93.2 
8.70 3.50 ~3.30 —94.3 
9.40 3.51 ~3.30 —94.0 
9.69 3.52 —94.0 


Although nothing certain can be said concerning the significance 
of the form of the [a] to pH or [a] to concentration relations, 
nevertheless they are valuable to the end for which they were 
originally determined; namely, for the quantitative characteriza- 
tion of heat-denatured egg albumin. Redefinition of heat-de- 
natured egg albumin in terms of solubility or the nitroprusside 
reaction (Harris, 1923) may now be refined by a statement of the 
numerical value of the optical rotation under well defined con- 
ditions, and one may assume that samples of denatured egg albu- 
min of the same specific optical rotation are probably identical, 
whereas samples possessing markedly different values for this 
property are certainly distinct chemical entities. Undoubtedly 
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this same property may be used in the characterization of other 
denatured proteins. 


SUMMARY 


1. The rotatory power of alkaline, heat-denatured egg albumin 
varies in an orderly manner with the time and temperature of 
heating and approaches a definite limiting value. 

2. The limiting value is primarily a function of the hydrogen 
ion and protein concentrations of the solution during the actual 
heating. 

3. Changes of either hydrogen ion or protein concentration 
following heating have a slight or negligible effect upon the 
rotatory power. 

4. The optical rotatory power is the only property which at 
present is known to be suitable for quantitatively characterizing 
a denatured protein. 

5. In general, the pH of an egg albumin solution changes 
markedly as a result of heating. Data are given showing the 
relation of this pH change to the pH of the original solution. 


In conelusion the author wishes to express his appreciation to 
Professor James W. McBain for criticism and advice. 
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The reducing power of deproteinized muscle extracts has been 
determined repeatedly and under a variety of experimental condi- 
tions. Until recently, however, a separation into non-fermentable 
reducing substances and fermentable sugar was either not made 
or where it was attempted, the separation remained incomplete. 
This introduces a serious error, because, depending on the protein 
precipitation used, from 40 to 80 per cent of the total reducing 
power of a muscle extract may be due to non-fermentable reduc- 
ing substances. While deproteinization of blood with certain 
heavy metals (Hg, Zn, Fe, and others) yields filtrates which are 
practically free of non-sugar reducing substances, it would be 
erroneous to assume that the same applies to muscle extracts. As 
a matter of fact, none of the precipitations proposed for blood, 
when applied to muscle, yields filtrates which are sufficiently free 
of non-sugar reducing substances to obviate the use of yeast 
fermentation. Nor does differential adsorption of non-sugar re- 
ducing substances with Lloyd’s reagent (Folin and Berglund (1)) 
or of sugar itself with copper-lime (Bissinger (2)) solve the problem 
successfully, even if used in conjunction with heavy metal precipi- 
tation. In the case of Lloyd’s reagent creatine and other reducing 
substances remain in solution, while in the latter case non-sugar 
reducing substances are precipitated along with the sugar. More- 
over, the Bissinger method, as used by Holmes and Gerard (3) for 
the determination of free sugar in nerve, was far from satisfactory, 
since it gave recoveries of added glucose varying between —11 and 


* This investigation was aided by a grant from the Rockefeller Founda- 
tion to Washington University for research in science. 
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this same property may be used in the characterization of other 
denatured proteins. 


SUMMARY 
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varies in an orderly manner with the time and temperature of 
heating and approaches a definite limiting value. 

2. The limiting value is primarily a function of the hydrogen 
ion and protein concentrations of the solution during the actual 
heating. 

3. Changes of either hydrogen ion or protein concentration 
following heating have a slight or negligible effect upon the 
rotatory power. 

4. The optical rotatory power is the only property which at 
present is known to be suitable for quantitatively characterizing 
a denatured protein. 

5. In general, the pH of an egg albumin solution changes 
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tions. Until recently, however, a separation into non-fermentable 
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or where it was attempted, the separation remained incomplete. 
This introduces a serious error, because, depending on the protein 
precipitation used, from 40 to 80 per cent of the total reducing 
power of a muscle extract may be due to non-fermentable reduc- 
ing substances. While deproteinization of blood with certain 
heavy metals (Hg, Zn, Fe, and others) yields filtrates which are 
practically free of non-sugar reducing substances, it would be 
erroneous to assume that the same applies to muscle extracts. As 
a matter of fact, none of the precipitations proposed for blood, 
when applied to muscle, yields filtrates which are sufficiently free 
of non-sugar reducing substances to obviate the use of yeast 
fermentation. Nor does differential adsorption of non-sugar re- 
ducing substances with Lloyd’s reagent (Folin and Berglund (1)) 
or of sugar itself with copper-lime (Bissinger (2)) solve the problem 
successfully, even if used in conjunction with heavy metal precipi- 
tation. In the case of Lloyd’s reagent creatine and other reducing 
substances remain in solution, while in the latter case non-sugar 
reducing substances are precipitated along with the sugar. More- 
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since it gave recoveries of added glucose varying between —11 and 
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+23 per cent. The Bissinger method was also used by Anderson 
and Macleod (4) for the determination of free sugar in muscle. 

Power and Clawson (5) seem to have been the first to determine 
fermentable sugar in skeletal muscle. They state in a preliminary 
note that it varies between 20 and 30 mg. per cent in muscle ex- 
tirpated under amytal anesthesia and that it constitutes about 50 
per cent of the total reduction. ‘Trimble and Carey (6) fermented 
tissue extracts precipitated according to Folin and Wu. In nor- 
mal human muscle obtained at biopsy, fermentable sugar varied 
between 19 and 35 mg. per cent, rising with an increase in blood 
sugar values. Non-sugar reducing substances ranged from 28 to 
43 mg. per cent in terms of glucose. In diabetes the muscle sugar 
corresponded, with few exceptions, to the elevated blood sugar 
values. Bischoff and Long (7) precipitated muscle extracts with 
ZnSO, and NaOH and treated the filtrate with Lloyd’s reagent. 
Fermentable sugar averaged 35 mg. per cent in fasted rabbits and 
25 mg. per cent in fasted rats; the animals were killed prior to 
removal of muscle. 

The starting point of the following experiments was the obser- 
vation that muscular contraction is accompanied by a rise in 
fermentable sugar. This added a new factor to the already com- 
plex problem of muscle sugar and led to an investigation of fer- 
mentable sugar in heart as a representative of active muscle. No 
data bearing on the amount of fermentable sugar in heart muscle 
could be found in the literature. In addition, observations were 
made regarding the effect of varying plasma sugar concentrations, 
especially those produced by insulin and epinephrine, on ferment- 
able sugar in muscle. 


EXPERIMENTAL 


Skeletal muscles of rabbits and rats were extirpated with all 
necessary precautions a few minutes after injection of amytal. 
Frogs were kept for 1 to 3 days at 4-6° and the leg muscles used 
after spinal transection. Heart ventricles were taken from amy- 
talized rabbits. Frog and rat muscles were introduced directly in 
a tube containing » measured volume of ice-cold 0.5 N H2SO, (5 ce. 
for 2 to 3 gm. of muscle). Owing to the small diameter of the 
muscles used penetration of the acid was sufficiently rapid to 
stop enzymatic processes. After ascertaining the weight, the 
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contents of the tube were transferred to a cooled mortar and 
ground to a very fine pulp with the aid of acid-washed quartz 
sand. Rabbit muscle was first frozen in a mixture of CO. snow 
and ether and cut into thin slices before being placed in the ice- 
cold extraction fluid. Rabbit ventricle was allowed to pump out 
its blood for 20 to 30 seconds, adhering blood was blotted off, and 
the tissue frozen; the frozen muscle was sliced and treated as 
outlined above. From the mortar the entire contents were trans- 
ferred to a wide mouthed flask, 30 per cent HgSO, in 10 per cent 
H.SO, was added (1 ec. per 1 to 1.5 gm. of muscle), and enough 
water to give a 1:10 dilution. In making the 1:10 dilution the 
water content of the muscle was assumed to be 80 per cent. The 
whole mass was treated with solid BaCO;, followed by removal of 
mercury with H.S, as outlined by West, Scharles, and Peterson 
(8). Reducing power was determined in the final filtrate before 
and after fermentation with washed yeast; the Shaffer-Somogyi (9) 
Reagent 50 was used. Several gm. of muscle were required for each 
determination. Added glucose was recovered quantitatively by 
this procedure. 

Blood was drawn from the vena cava of rats or from the right 
heart of rabbits, oxalate being used as the anticoagulant. The 
plasma was separated by centrifugation and precipitated with 
CuSO, and tungstate (Somogyi (10)). Reducing power was deter- 
mined with the copper reagent used for the muscle extracts. 

Non-Fermentable Reducing Substances—In resting rat muscle 
the non-fermentable reducing substances (in terms of glucose) 
varied between 8 and 22, average 14.5 mg. per cent. As shown 
previously (11), part of this reducing power is due to creatine, 
which is not completely precipitated by the HgSO,-BaCoO; treat- 
ment. In tetanized rat muscle the non-fermentable fraction 
averaged 24.8 with a range of 17 to 29 mg. per cent. This 
indicates that muscular contraction is accompanied by a rise 
in non-fermentable reducing substances. The same observation 
was made on frog muscle; in the resting state the average for non- 
sugar reducing substances was 8, while after tetanization it was 15 
mg. per cent. 

Effect of Acid Hydrolysis—A number of mercury filtrates were 
hydrolyzed in N H.SO, at 100° for 3 hours, followed by removal 
of the H.SO, with BaCO;. Hydrolysis was accompanied by a 
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marked rise of non-fermentable reducing substances. Values of 
70 to 90 mg. per cent were obtained; this is not much lower than 
the values obtained when muscle is hydrolyzed directly in N H.SO, 
(12). It was found that about one-half of the increase in the non- 
fermentable fraction was due to the conversion of creatine to 
creatinine during acid hydrolysis, the latter having a much stronger 
reducing power than the former. Treatment of these hydrolysates 
with Lloyd’s reagent removed the non-fermentable reducing sub- 
stances almost completely. 

In every case acid hydrolysis of mercury filtrates caused a rise 
in fermentable sugar, the increase amounting to 16 to 20 in resting 
and to 25 to 39 mg. per cent in stimulated muscle. By concen- 
trating mercury filtrates to a small volume, treatment with alkali, 
and precipitation with alcohol, followed by acid hydrolysis, it was 
ascertained that glycogen was absent. The increase in ferment- 
able sugar during hydrolysis is probably due to the presence of 
small amounts of intermediary carbohydrates (disaccharides, tri- 
saccharides, or lower dextrins) in mammalian muscle. In a com- 
parison of the total carbohydrate and glycogen content of mam- 
malian muscle such small amounts of intermediary carbohydrates 
could not be detected (12). 

Fermentable Sugar in Skeletal Muscle—The observation of pre- 
vious investigators that the fermentable sugar of muscle is at a 
much lower level than the blood sugar was confirmed. As an in- 
dex of the existing gradient of diffusion it seemed preferable to 
determine plasma instead of whole blood sugar, because the cor- 
puscles of rat and rabbit contain much less sugar than the plasma. 
The values for fermentable sugar of muscle here reported are 
somewhat lower than those given by previous investigators. 
This may be due to the removal of the muscle from the anesthe- 
tized animal and to the avoidance of twitching while sampling 
the muscle. It was already noted by Power and Clawson (5) 
that removing muscles from previously killed animals gave much 
higher values for fermentable sugar than removal of muscles from 
amytalized animals. As shown later, muscular contractions or in 
general anything that causes a breakdown of muscle glycogen 
leads to an increase in fermentable sugar. Hence, it is necessary 
to use the same precautions in sampling the muscle as in the case 
of lactic acid or glycogen determinations. 


XUM 


Cori, Closs, and Cori 17 


In several experiments fermentable sugar was determined in 
different muscles of the same animal; closely agreeing values were 
found. 

In rats fasted for 24 hours, with plasma sugars ranging from 78 
to 119 mg. per cent, fermentable sugar of muscle was very con- 
stant, varying only between 10 and 12 mg. per cent (Table I). In 
non-fasted rats and in rats injected with glucose, the values for 
muscle sugar were considerably higher than in fasted animals. 
The ratio of muscle sugar to plasma sugar may serve as an index 
of distribution of the sugar at different plasma sugar levels. In 
fasted rats this ratio varied between 8.4 and 12.8; in fed rats with 


TABLE I 
Fermentable Sugar in Muscle and Plasma of Fasted and Fed Rats 
All sugar values are given in mg. per 100 gm. of tissue. Ratio = 
muscle sugar 100. 


plasma sugar 


Fasted Muscle | 10 | 11 12 | 10 | 
Plasma | 78 (100 109 
Ratio 12.8 9.1} 11.0, 8.4 
Non-fasted | Muscle | 23 | 13* | 27 | 31 | 21 | 23 | 25 | 18 | 16 
Plasma (145* (146 (171 (174 177 |184 /|205 
Ratio 16.3) 9.0 | 18.5 18.1) 12.1) 13.0, 13.8) 9.8) 7.8 
Glucose- Muscle | 27 | 19 22 1&3 | 4° 
fed or in- | Plasma |199 (210 (258 (311 384* 
jected Ratio 13.6, 8.5, 17.0; 10.9 


* Rabbit. 


plasma sugars ranging from 141 to 384 mg. per cent the ratio 
varied in most cases between 8 and 14; 7.e., it was about the same 
as in fasted rats with low plasma sugar. There are four cases, 
however, in which ratios of 16 to 18 were observed in fed rats. 

On the whole these experiments do not show a very close pro- 
portionality between plasma and muscle sugar levels. As a matter 
of fact, this was hardly to be expected, since several other factors 
besides plasma sugar concentration may be shown to influence 
fermentable sugar in muscle. In this connection it may be legiti- 
mate to ask how much fermentable sugar is contributed by the 
blood and lymph contained in muscle. Obviously this cannot be 
reckoned as tissue sugar. While reliable figures for the blood con- 
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tent of muscle are difficult to obtain, 2 to 3 per cent would seem to 
be a fair estimate for resting muscle (Ranke (13)). With the 
larger figure, about 1.5 ee. of plasma would be contained in 100 gm. 
of muscle. At a plasma sugar level of 100 mg. per cent this would 
umount to 1.5 mg. of sugar or to about one-seventh of the amount 
of fermentable sugar found in muscle of fasted rats. Similar esti- 
mates have been made in the case of the other experiments reported 
in this paper; they show that while the sugar content of the blood 
contained in muscle cannot be neglected, it is, as a rule, too small 
to alter the significance of the results obtained. 


TABLE II 
Influence of Epinephrine and Insulin on Fermentable Sugar in Rat Muscle 


All sugar values are given in mg. per 100 gm. of tissue. Ratio = 
muscle sugar 


100. 
plasma sugar 
Epinephrine* Muscle 37 53 54 62 
Plasma 125 | 166 | 181 | 243 
Ratio 29.6; 31.9} 29.8) 25.5 
Insulin (moderate hypo- | Muscle 11 3 6 4t 6 
glycemia) Plasma 48 54 62 667 | 70 
Ratio Be 6.8 
Insulin (severe hypogly- | Muscle 20 23 20 20 24 
cemia) Plasma 6 18 21 22 27 
Insulin after adrenalec- | Muscle 4 6 2 7 ) 
tomy (severe hypogly- | Plasma 6 12 15 16 8O 
cemia) | 


* 40 to 60 minutes after 0.03 mg. per 100 gm. subcutaneously. 
+ Spontaneous hypoglycemia. 


When epinephrine was injected in fasted rats, the fermentable 
sugar of muscle rose very markedly, more so than one would be led 
to expect from the moderate increase in plasma sugar (Table IT). 
The ratio of muscle sugar to plasma sugar varied between 25 and 
32, which is definitely higher than the ratios observed in fed rats 
at comparable plasma sugar levels. The rise in muscle sugar 
seems to be associated with the breakdown of muscle glycogen 
under the influence of epinephrine. ‘This epinephrine effect will 
be encountered again in the experiments with insulin. 

Non-fasted rats were injected with insulin. Moderate hypo- 
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glycemia (plasma sugar 48 to 70 mg. per cent) was accompanied 
by « decrease in muscle sugar. It may be seen in Table II that 
the values for muscle sugar observed after insulin were all definitely 
lower than those found in the non-fasted control animals in Table 
I and in four out of five cases they were even below the level found 
in fasted animals. This decrease in muscle sugar under the influ- 
ence of insulin had previously escaped attention, partly because 
the experiments were made on fasted animals, in which case the 
change is but slight, partly because at low blood sugar levels a 
second effect comes into play which causes the muscle sugar to 
rise again. 

It will be noted that when the plasma sugar had fallen to 30 mg. 
per cent or less, there occurred a sharp rise in muscle sugar from 
its previously low level. It is at this instant that the muscle 
sugar may equal or even exceed the sugar concentration in the 
plasma. Gradients of diffusion from the blood into the muscle 
are then completely abolished. In view of the effect of muscular 
contraction on muscle sugar it needs to be emphasized that none 
of the animals had convulsions, though most showed signs of 
weakness. 

Further analysis of the secondary rise in muscle sugar during 
severe insulin hypoglycemia showed that it is of adrenal origin, 
because this rise is absent in previously adrenalectomized animals, 
even if the plasma sugar is reduced to the lowest possible levels 
(Table II). In adrenalectomized animals the muscle sugar re- 
mains low throughout the course of the insulin hypoglycemia and 
gradients of diffusion of sugar from the blood to the muscle are 
thus never completely abolished. 

It is a well known fact that animals with inactivated adrenal 
medulla are hypersensitive to insulin. ‘The protective action of 
epinephrine secretion at low blood sugar levels is explained by an 
increased formation of blood sugar in the liver associated with an 
increased rate of transfer of muscle glycogen to liver glycogen; at 
the same time utilization of blood sugar in the tissues is assumed 
to be diminished under the influence of epinephrine. The present 
experiments throw some light on the mechanism of the latter 
process. Obviously, if gradients of diffusion are abolished during 
severe hypoglycemia owing to a rise in muscle sugar, the uptake 
of sugar in muscle will be inhibited and the drain of blood sugar 
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will thus be stopped. It is of interest to consider, that when this 
mechanism fails to maintain ,.blood sugar and convulsions set in, a 
further rise in fermentable sugar takes place as the result of muscu- 
lar activity. 

‘The mechanism just described may not be the only one by means 
of which epinephrine inhibits utilization of blood sugar in muscle 
and though it may also be operative during epinephrine hyper- 
glycemia, as the experiments in Table II seem to indicate, it can 
hardly be as effective at high as at low blood sugar levels. 


TABLE III 
Fermentable Sugar in Heart Muscle and Diaphragm of Rabbits 


All sugar values are in mg. per 100 gm. of tissue. Ratio = 
heart sugar 


100. 
plasma sugar 
Non-fasted Heart 46 52 50 | 59 46 50 
Plasma 133. | 134 | 143 | 151 166 | 183 
Ratio 34.6; 38.8, 35.0) 39.1) 27.7) 27.3 
Glucose-injected Heart 64 | 146 | 202 | 183 | 267 
Plasma 157 | 276 | 322 | 384 | 694 
Ratio 40.7; 52.9 62.8! 47.7 38.5 
Insulin-injected Heart 21 24 15 26 14 58* 
Plasma 56 62 66 69 78 93 * 
Ratio 37.5) 38.7| 22.7| 37.7) 17.9) 62.4 
Non-fasted Diaphragm | 24* | 34 48 35 
Plasma 93* | 145 | 151 182 
Ratio 25.8} 23.8) 31.7; 19.2 


* Glucose plus insulin injected. 


Fermentable Sugar in Heart Muscle and Diaphragm—In non-fasted 
rabbits, at plasma sugar levels of 133 to 183 mg. per cent, ferment- 
able sugar of heart varied between 46 and 59 mg. per cent (Table 
III). This is a much higher sugar content than is found in skele- 
tal muscle at comparable plasma sugar levels and the ratio of 
heart sugar to plasma sugar is correspondingly higher, varying 
between 27.3 and 39.1 in the above experiments. Here again it 
may be pointed out that the high values for fermentable sugar can- 
not be accounted for by the blood content of heart muscle. Even 
if one assumes a blood content of 10 per cent, this would amount to 
only 7 and 9 mg. of sugar per 100 gm. of muscle at the two extreme 
plasma sugar levels. 
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One of the reasons why heart muscle contains a larger amount 
of fermentable sugar than resting skeletal muscle may be that the 
former contains a larger number of open capillaries than the latter. 
This provides a larger surface for diffusion of sugar. In order to 
gain some additional information in regard to this point, a few 
experiments were made on diaphragm as another representative 
of a continuously active muscle. The values for fermentable 


TABLE IV 
Effect of Indirect Tetanic Stimulation on Fermentable Sugar of Muscle 
Stimulated three times for 10 seconds with 10 seconds pause. All values 
are given in mg. per 100 gm. of muscle. 


Rat muscle Frog muscle 
Resting Stimulated Resting Stimulated 

4 31 10 24 
10 26 11 25 
1 27* 11 | 22 
17 56 13 | 26 
20 | 50 14 27 
22 57 | | 
24 43* | 
28 45 | 
30 50 | 
31 59 
33 | 46 
36 | 49 
22 | 45 | 12 | 25 


* Stimulated once for 15 seconds. 


sugar were intermediate between those of resting skeletal muscle 
and heart muscle (Table III). 

Artificially induced changes in plasma sugar to levels below or 
above normal were promptly reflected in the fermentable sugar 
eontent of the heart. Insulin hypoglycemia was accompanied by 
a marked decrease in sugar content of the heart without much 
alteration in the distribution of sugar, as far as one is able to tell 
from the ratio of heart sugar to plasma sugar. By means of glu- 
cose injections fermentable sugar of heart could be made to rise 
to values of 200 mg. per cent and more, and this was accompanied 
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in some cases by a distinct increase in the ratio of heart sugar to 
plasma sugar. Heart muscle thus proves to be more permeable to 
glucose than skeletal muscle, a result which provides some experi- 
mental basis for intravenous glucose therapy in various cardiac 
conditions. 

Effect of Stimulation—In the experiments on rats amytal was 
given and the muscles of one leg removed in order to determine the 
resting value. ‘The corresponding muscles of the opposite side 
were then tetanized three times 10 seconds through the sciatic 
nerve and removed immediately for analysis. It may be seen in 
Table IV that irrespective of the original level the fermentable sugar 
of the stimulated muscle was invariably higher than that of rest- 
ing musele. On an average the change was from 22 to 45 mg. per 
cent; z.e., the fermentable sugar doubled as the result of stimula- 
tion. Muscular contraction is accompanied by an increased blood 
flow through muscle and this might cause more sugar to diffuse 
from the blood into the muscle. At the same time muscle con- 
tains an inereased amount of blood at the end of contraction. 
Krogh (14) has shown that the blood content of the capillaries 
rises from 0.3 ec. per 100 ec. of muscle during rest to 5.5 ee. during 
activity. If this were chiefly responsible for the increase in fer- 
mentable sugar during contraction, the rise should be greater at 
high than at low plasma sugar levels. ‘Though the latter varied 
between 100 and 310 mg. per cent in the above experiments, the 
rise in fermentable sugar was approximately the same at all plasma 
sugar levels. 

In order to gain additional information on these points, experi- 
ments were performed on isolated frog muscle, where changes in 
permeability and in blood content cannot play a rdle. Following 
low spinal transsection the muscles of one leg were analyzed im- 
mediately, while those of the opposite side were tetanized three 
times 10 seconds through the pelvie nerves. The fermentable 
sugar rose in each case, but the inerease was smaller than in the 
experiments on rat muscle. 

The results obtained on isolated muscle make it probable that 
the souree of this fermentable sugar is chiefly glycogen which is 
broken down during contraction. Apparently some of the split- 
products of glycogen escape phosphorylation and thus become 
stabilized as fermentable sugar, which, as preliminary experi- 
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ments indicate, shows the same fermentation characteristics as 
elucose. 

It may be pointed out that resting frog muscle contains the same 
amount of fermentable sugar as muscle of fasted rats, though the 
blood sugar in the former case was found to be only 25 mg. per 
cent. Apparently gradients of diffusion of sugar from blood to 
muscle are much smaller in amphibians than in mammals. 


SUMMARY 


1. FKermentable sugar in skeletal muscle of rats amounted to 10 
to 12 mg. per cent at plasma sugar levels of 80 to 120 and to 13 
to 53 at plasma sugar levels of 140 to 380 mg. per cent. 

2. Epinephrine injections caused a larger increase in ferment- 
able sugar of muscle than could be accounted for by the rise 
in plasma sugar. Apparently breakdown of muscle glycogen is 
associated with the formation of small amounts of fermentable 
sugar. 

3. Moderate insulin hypoglycemia was accompanied by a de- 
crease in fermentable sugar of muscle. When the plasma sugar 
level had fallen below 30 mg. per cent, there occurred a marked 
rise in muscle sugar, so that it equaled or even surpassed the 
plasma sugar concentration. In adrenalectomized animals this 
rise in muscle sugar was absent and hence its occurrence in intact 
animals was attributed to epinephrine secretion elicited by the 
hypoglycemia. Epinephrine, by causing an increase in ferment- 
able sugar of muscle, may abolish gradients of diffusion between 
blood and muscle and thus prevent a further drop in blood sugar. 

4. Heart muscle of rabbits at plasma sugar levels of 130 to 180 
contained 46 to 59 mg. per cent of fermentable sugar. During 
insulin hypoglycemia fermentable sugar was reduced to 14 to 24 
mg. per cent, while glucose injections caused it to rise to very high 
values. The large number of open capillaries in active muscle 
may account for the observation that heart muscle is more perme- 
able to injected glucose than resting skeletal muscle. 

5. Diaphragm contained more fermentable sugar than resting 
skeletal muscle at comparable blood sugar levels. 

6. Short tetanic stimulation of rat muscle in situ and of isolated 
frog muscle was invariably accompanied by an increase in fer- 
mentable sugar. 
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ON CATALYTIC OXIDATIONS 
II. THE OXIDATION OF BENZALDEHYDE* 
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Since the first description of the autoxidation of benzaldehyde 
by Stange (1), many investigations have been carried out to explain 
the mechanism of this reaction. It has been suggested by some 
that active surfaces are responsible for the reaction (2, 3), while 
others believe that it may be a heavy metal catalysis (4). We 
were interested in finding the effect of careful purification and of 
the addition of heavy metals on the reaction. 

During the course of the experiments it became evident that 
we were dealing with two antagonistic catalytic factors, the posi- 
tive effect of heavy metals, and the negative effect of some organic 
compounds which accompany the aldehyde very tenaciously and 
are formed anew during the autoxidation. We feel this latter fac- 
tor is responsible for the varying results and relatively small effect 
of heavy metals reported by some (4) who used benzaldehyde puri- 
fied only by distillation. We found fractional crystallization after 
a careful distillation necessary for removal of the inhibiting sub- 
stances and good catalytic action by the heavy metal. 

We have studied the O. uptake in the presence of bivalent and 
trivalent iron salts and the organic iron complex hemin, and have 
also observed the action of such inhibitors as phenol, which, in 
much less than equimolar concentration, can suppress the action 
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Education Board and the Rockefeller Foundation during 1928 and 1929. 
The writer wishes to thank Professor Richard Kuhn for the suggestion of the 
problem and for his help and guidance in this work. The author is further 
indebted to Professor H. T. Clarke and to Dr. J. W. Palmer for their assist- 
ance in preparing this paper for publication. 
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of iron. The decomposition of perbenzoic acid in the presence 
and absence of benzaldehyde was also studied to find whether or 
not this compound will react with the aldehyde to form benzoic 
acid, as postulated by the theory of von Bayer and Villiger (5). 


EXPERIMENTAL 


All experiments on oxygen absorption were done at 20° in a 
Warburg apparatus in a dark room. The vessels used were of 
conical form with a retort attached to the side, and had an average 
capacity of 17 cc. Diffuse light had no influence on the reaction. 


TABLE I 
Autoxidation of Benzaldehyde after Distillation. Effect of Heavy Metals 


In all vessels 0.6 ec. of benzene + 0.7 ec. of water or 0.6 ec. of water + 0.1 
ec. of heavy metal solution, with 0.1 ce. of benzaldehyde solution + 0.1 cc. 
of benzene in the retort. 


O» absorbed, c.mm. 


Time Benzaldehyde 
Benzaldehyde 
+ 0.2m FeCl; + 0.2 m CuCl. + 0.2m NiCl, 
min, 
5 7 38 37 19 
10 7 74 58 38 
15 9 127 80 53 
20 10 159 116 66 
35 19 307 177 103 
DD 28 581 271 192 


Where nothing is stated to the contrary, the gas mixture used was 
air. After filling, the manometers were hung in the thermostat 
for 15 minutes to attain temperature equilibrium, and then the 
material in the retort was tipped in. Sometimes too large a flue- 
tuation of the gas volume followed; accordingly the first 5 minutes 
after the tilting were disregarded in all experiments. Special ex- 
periments demonstrated that this fluctuation in volume was not 
due to absorption or evolution of oxygen. Especial attention had 
to be given to the ground glass joints. The joint at the top of the 
manometer was not greased on the lower part toward the vessels. 
The stop-coek, which could very easily come in contact with the 
liquid, was lubricated on its lower end with P2O;, and on its upper 
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with Ramsay fat. The joint had to be chosen especially long. 
Rinsing the retorts by tilting back and forth was seldom done, in 
order to avoid contact of the liquids with the joints. All vessels, 
pipettes, etc., were boiled with concentrated hydrochloric acid or 
dichromate-sulfuric acid mixture and rinsed well with conduc- 
tivity water only. 


TABLE II 

Autoxidation of Benzaldehyde after Fractional Crystallization. Activation 
hy FeCl; 

In all vessels 0.6 cc. of benzene + 0.7 ec. of water or 0.6 ec. of water + 

0.1 ec. of 0.2 Mm FeCls, with 0.1 ee. of benzaldehyde solution + 0.1 ec. of ben- 

zene in the retort. 


Os absorbed, ¢.mm. 


| 
| 


Benzaldehyde 
Time | — 

Dis- Dis- | Frac- Frac- Un- 
tilled | tilled | Frac-| tion | Frae-| Frac-| Frae-| tion |Mother|} Un- | treated 
only tion 2/ 2 tion 5| tion 7/tion9;) 9 + liquor |treated 

FeCls FeCls FeCl; FeCls 
min, 

5 5 i 450, 10 14 3 43 0 14 16 
15 13 19; 0O 24) 34 4 144 0 15 22 
17 1140 
25 0 39 | 46 0 13 
35 23 Do 6 020 44 
45 0 55 | 76 0 13 
55 34 141 12 63 
65 0 73 | 111 3 17 
85 44 500 18 104 
95 0 99 | 169 2 17 

115 56 1000 1 118 | 199 | 20 7 18 147 
145 65 ca 4 141 | 249 , 18 7 21 212 
175 74 | 4 163 | 304 | 22 | 12 21 304 
205 76 | 20 | 490 


The first experiment (Table I) was with a benzaldehyde dis- 
tilled tn vacuo. The activation obtained was small compared with 
later experiments. After distillation the aldehyde was immed- 
iately dissolved. In all experiments the benzaldehyde was used 
as a 40 per cent solution in benzene (Kahlbaum, for molecular 
weight determination). 
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For the experiments summarized in Table II, the benzaldehyde 
was distilled in vacuo in an ungreased all-glass apparatus, and then 
fractionally crystallized from quartz vessels in a liquid air bath. 
The untreated benzaldehyde was a commercial product. The 
activation by iron is best in the purest fractions, and poorest in 


1600 CMM. Od 


20 40 60 MIN. 

Fig. 1. Oxidation of benzaldehyde with FeCl; and hemin. Each vessel 
contained 0.8 ec. of benzene + 0.1 cc. of each addition as indicated + water 
to make 0.3 ec. of aqueous solution, with 0.1 ce. of benzaldehyde solution 
and 0.1 cc. of benzene in the retort. Additions: Curve I, no addition; 
Curve II, 5per cent pyridine; Curve III, 5 per cent pyridine + m/650 FeCl,; 
Curve IV, m/650 FeCl;; Curve V, mM/650 phosphate hemin + 5 per cent 
pyridine; Curve VI, m/650 pyridine hemin. 


the least pure. For these and the following experiments the ben- 
zene used was also purified by fractional crystallization. 

Fig. 1 shows the activation by equimolar concentrations of 
FeCl;, phosphate hemin, and pyridine hemin. In this and the 
following experiments, phosphate hemin is a M/650 solution of 
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recrystallized a-chlorohemin in 0.02 mM NasHPO,, and pyridine 
hemin is a M/650 solution of the same hemin in 5 per cent aqueous 
pyridine. The phosphate hemin without pyridine gives no acti- 
vation; it always precipitates out during the experiments. 

Fig. 2 compares the action of FeCl; and FeSO,. In the more 
dilute FeSO, solution, the iron apparently became completely 


Fig. 2. Oxidation of benzaldehyde with FeCl; and FeSOQ,. Each vessel 
contained 0.9 cc. of benzene + 0.1 cc. of addition as indicated + water to 
make 0.3 cc. of aqueous solution, with 0.1 ce. of benzaldehyde solution and 
0.1 cc. of benzene in the retort. Additions: Curve I, no addition; Curve I], 
0.002 m FeSO,; Curve III, 0.002 m FeCl;; Curve IV, 0.02 m FeCl;; Curve V, 
0.02 FeSQO,. 


oxidized. In another similar experiment, Fe2(SO4); behaved ex- 
actly as did the FeCl]; here. 

The next experiment, illustrated by Table III, shows the action 
of FeSO, and pyridine hemin. The latter shows an uncommonly 
long induction period in this experiment. The benzaldehyde here 
was from the fifth crystallization fraction. 


Vv 
2000 
CMM. O> 
1000 
500 
4 
20 40 60 80 MIN. 
XUM 


30 


Oxridalion of Pure Benzaldehyde. 


Catalytic Oxidations. II 


TABLE III 


Activation by m/650 Pyridine Hemin and 


M/650 FeSO, 

In all vessels 0.9 ee. of benzene + 0.1 cc. of each addition + water to 
make total volume 1.5 ec., with 0.1 cc. of benzaldehyde solution + 0.1 ce. 
of benzene in the retort. 


O» absorbed, ¢.mm. 
Time 
FeSO. Pyridine hemin 
min. 

0 4 7 0) 0) 
15 0 7 9 1 0 0) 2 
30 0 18 24 5 8) 0 17 
60 3 36 44 12 36 dD 33 
QO 2 40) 61 50 107 be 44 

120 5 54 79 1216 1540 ll 54 
150 | 8 | 7 113 1753 2140 20) 74 
TABLE IV 


Oxidation of Pure Benzaldehyde. 


Vessel A. 
Vessel B. 
in benzene. 
Vessel C, 
in benzene. 
Vessel D. 
Vessel E. 


Influence of Benzoic Acid on Activation by 


FeCl, and Effect of HCl 


0.6 ce. benzene + 0.7 ce. 
0.4 ec. benzene + 0.7 ce. 


0.4 ec. benzene + 0.7 ce. 


0.6 ce. benzene +- 0.6 ce. 
0.4 ce. benzene + 0.6 ce. 


ce, 0.5 mM benzoic aeid. 


Vessel 


0.4 cc. benzene + 0.6 ce. 


ce. 0.05 mM benzoie acid. 


Vessel G. 


0.6 ec. benzene + 0.6 ec. 
In all retorts 0.1 ce. of benzaldehyde solution + 0.1 cc. of benzene. 


water. 
water + 0.2 ce. 0.5 mM benzoic acid 


water + 0.2 cc. 0.05 mM benzoie acid 


water + 0.lec. 0.2 FeCl. 
water + 0.1 cc. 0.2 Mm FeCl, + 0.2 


water + 0.1 ec. 0.2 mM FeCl; + 0.2 


water + 0.1 ce. 0.1 Mm HCL. 


O, absorbed, ¢.mm. 


Vessel..... 


min. 


15 
30 
40 
5U 
60 


A | B C D E F G 

2 1 3 30 38 22 1 

i) 2 7 118 63 156 6 
14 4 10 542 185 628 8 
15 5 13 898 304 1054 11 
19 5 30 1448 462 1499 13 
21 5 33 1821 608 1816 16 
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The next data are from experiments on inhibition of the autoxi- 
dation. The inhibition of hemin catalysis by HCN was demon- 
strated in one experiment with a sample of benzaldehyde which 
was 2 months old and therefore showed a long induction period. 
The 0.1 ec. of benzaldehyde solution with 0.1 cc. of pyridine hemin 
solution took up 228 c.mm. of O2 in 180 minutes. In the same 
time, the aldehyde with an equal volume of water took up 25 e.mm.; 


Fig. 3. Oxidation of benzaldehyde; inhibition of iron activation by 
phenol. Curve I, 0.6 ce. of benzene + 0.7 cc. of water; Curve IJ, 0.6 ce. of 
benzene + 0.5 cc. of water + 0.1 cc. of 0.002 m phenol + 0.1 cc. of benzalde- 
hyde solution; Curve III, 0.6 cc. of benzene + 0.5 cc. of water + 0.1 ce. of 
0.02 m FeCl; + 0.1 ce. of 0.002 m phenol; Curve IV, 0.6 cc. of benzene + 0.6 
ec. of water + 0.1 cc. of 0.02m FeCl;. In Retorts I, III, and IV, 0.1 ce. of 
benzaldehyde solution + 0.1 cc. of benzene; in Retort II, 0.1 ec. of 0.02 m 
FeCl; + 0.1 ec. of benzene. 


with pyridine hemin and an equal volume of 0.02mM HCN solution, 
37 c.mm.; with hemin and 0.01 m HCN, 23 ¢.mm. 

The effects of benzoic acid and of HC] (to show that the action 
of the iron salts is not due to their acidity) are shown in Table IV. 

In Fig. 3 is illustrated the inhibitory effect of phenol on the 
iron catalysis, and the difference brought about by varying the 
sequence in which the reagents are added. Phenol is able to 
suppress the catalytic effect of 10 times its equivalent in iron. 
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In another similar experiment, exactly comparable results were 
obtained: the QO, uptake in 90 minutes with 0.02 Mm FeCl; followed 
by 0.002 m phenol was 1087 c.mm., while with the phenol added 
first it was only 269 e.mm. In still another experiment, the in- 
hibition was much greater: in 90 minutes with 0.02 m FeCl, 
followed by 0.002 m phenol the O. uptake was 143 e.mm., and 
with phenol added first it was 60 e¢.mm., as compared with 41 


TABLE V 
Decomposition of Perbenzoic Acid with and without Benzaldehyde 
In each vessel 1.0 ce. of perbenzoic acid in benzene + 0.3 ec. of benzene 
(Solution A) or 0.3 ec. of benzaldehyde solution (Solution B), with 0.2 ce. 
of addition indieated below in the retorts. Manometers filled with COs. 


Increase in volume of gas, ¢.mm. 


Ben- Water Pyridine Pyridine Phosphate Acetate Chlo- 
Time | zene hemin . hemin hemin roform 

Solu- Solution Solution Solution Solution Solution Solu- 

tin | tion 


is A B A B A B A B A B 


min. 
10 3 58 36 25 25 38 31 48 29 8 
20 6 83 45 44 46 62 57 71 49 9; -19 


or) 


Solutions mixed 


25 | —4 | 192 | 201 | 259 | 299 | 300 | 325 | 125 | 211} O | —47| —25 
35 | —4 | 196 | 209 | 293 | 297 | 302 | 321 | 168 | 216 | 19 | —44) —21 
55 | —4 | 212 | 207 | 314 | 297 | 324 | 316 | 179 | 216 | 57 | —49 
75 | —4 | 201 | 209 | 321 | 297 315 | 179 | 218 | 64 | —59} —20 
110 203 170 91 —31 


Pyridine is 5 per cent aqueous solution; acetate hemin is M/650 in CHC}. 


e.mm. for benzaldehyde and water only, and 1478 e.mm. with 
0.02 Mm FeCl. With equimolar concentrations of phenol and Fe- 
C];, the O2, uptake was less than with water alone. 

The stability of perbenzoiec acid and of monoperphthalic acid 
was first investigated by iodometrie titration. At 0°, perbenzoic 
acid in chloroform was stable in the presence of benzaldehyde 
alone or with acetate hemin (6) in chloroform, and partially stable 
with benzaldehyde and strong alkali; with phosphate, pyridine, 
or pyridine hemin the per-acid rapidly disappeared whether or 
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not benzaldehyde was present. Monoperphthalic acid in water 
at room temperature was stable with pyridine or phosphate, but 
decomposed slowly in the presence of pyridine hemin or phosphate 
hemin. 

A manometric check on the perbenzoie acid stability data is 
partially shown in Table V. In view of the high instability of 
perbenzoic acid, it is not surprising that varying values were ob- 
tained. Apparently the per-acid begins decomposing while 
aqueous solutions are still in the retort part of the vessel. 


DISCUSSION 


Since our first communication (7) the stability of a purified 
benzaldehyde has been confirmed by Wieland and Richter (8), and 
by Raymond (9), the former using our method of fractional 
crystallization, and the latter using a very careful distillation 
method after crystallization of the bisulfite addition compound. 
Wieland and Richter report that their aldehyde does not absorb 
oxygen in aqueous or benzene solution but does when undiluted, 
while Raymond states that her aldehyde is stable even in undi- 
luted form. We have never tried our material without solvent 
or without water present, but have the impression that it oxidizes 
if kept for a long time, since it contained benzoic acid after being 
kept for several weeks in very clean, common glass containers. 
The vessels had, however, been opened quite often for removal of 
samples, whereby contamination might have been _ possible. 
Another possibility is that, as Raymond has shown, benzaldehyde 
attacks glass very readily, dissolving traces of heavy metal (man- 
ganese); autoxidation would then be possible. 

Under our experimental conditions there seem to be two factors 
involved in the oxidation of benzaldehyde: one the positive cata- 
lytic effect of heavy metals as iron, which can be suppressed by 
cyanide or pyrophosphate in concentration equimolar to the iron, 
and the other the inhibition of the iron catalysis by organic ma- 
terials closely accompanying the aldehyde. Two such substances 
have been found to form during the autoxidation, phenol (3) and 
stilbene (9). We were unable to remove the inhibiting materials 
by distillation only. Our experiments are in agreement with the 
observation of Reiff (2) that the inhibiting effect of negative cata- 
lyzers is greater than the effect of positive catalysts. The inhibi- 
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tion is characterized only by a prolonged induction period which 
is observed with old or impure benzaldehyde to which iron has 
been added as well as with pure benzaldehyde to which iron and 
phenol have been added. Fresh, pure benzaldehyde with iron 
shows no induction period. The product of oxidation, benzoic 
acid, is not the inhibitor of the impure material, for in our experi- 
ence benzoic acid has only a slight inhibitory action, and then only 
in high concentration. 

It would be difficult to account for the effect of such antioxidants 
as phenol by assuming a reaction with the heavy metal, since 
there is no stoichiometric relation between them as is found with 
HCN, and since the order of addition of iron and phenol influences 
' the effect. As we will show in other communications, the sensi- 
tized photochemical reaction is not at all inhibited by phenol, but 
rather there is a stronger reaction due to simultaneous oxidation 
of the phenol. 

We feel that the mechanism of the positive and negative cataly- 
sis is still unknown. Backstrém (10) concluded that the autoxida- 
tion was a chain reaction and that phenol acted by interrupting 
the chain. While we believe his conclusion may be correct, we 
do not feel that his experiments justify it. We agree with Ray- 
mond’s remark (9) that Bickstrém’s benzaldehyde was not pure 
enough. 

We have noted previously (7) that when benzaldehyde is oxi- 
dized in the presence of iron, the iron passes into the non-aqueous 
phase and a brown color develops there. The assumption that 
the color was due to the catalytically active intermediary product 
could not be verified by experiment by us or by Wieland and 
Richter (8) who believe that the brown color is due to a complex 
salt of iron with perbenzoic acid. We do not believe that the 
brown material in our autoxidizing systems is such a salt, since 
we show that under our experimental conditions perbenzoic acid 
is not at all stable. 

We attempted to prepare some iron complexes by dissolving 
water-free ferric or ferrous chloride in an excess of dry benzalde- 
hyde in the absence of air. Ferric chloride gave a black-brown, 
ferrous chloride a dark red oil, both liberating HCl. After several 
extractions with petroleum ether the oil solidified, still having -a 
strong odor of benzaldehyde. Upon oxidation with chlorine in 
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alkaline solution, analysis showed 1 mol of iron to 2 mols of ben- 
zoic acid with both materials. The brown product obtained was 
almost inactive as a catalyst. Addition of a solution of anhydrous 
ferric chloride in dry ether to an ethereal solution of benzaldehyde 
gave a yellow crystalline product of unknown composition, con- 
taining 1 atom of iron to 1 of chlorine. Hemin is also soluble in 
benzaldehyde with a deep red color. 

A phenomenon was observed during the crystallization of ben- 
zaldehyde which seems worth while mentioning. On cooling the 
vessels with liquid air, the aldehyde became more and more vis- 
cous, finally solidifying at —56° to —58° (pentane thermometer) 
with a loud report. When the solid was then allowed to thaw 
slowly, especially with the more impure fractions, the first very 
viscous matter became a thick crystalline paste again at —38°. 
This point (—38°) is given in the older literature as the freezing 
point of benzaldehyde, while in the newer literature —56° to 
— 58° is given (11). 

Since von Bayer and Villiger obtained benzoic acid from benzal- 
dehyde and solid perbenzoic acid (5), the mechanism of benzalde- 
hyde autoxidation has been formulated as the addition of a mole- 
cule of oxygen to 1 of aldehyde to form perbenzoic acid, which 
then reacts with another molecule of aldehyde forming 2 molecules 
of benzoic acid. Others pointed out that it was improbable that 
1 mol of oxygen should be added at one step. It was also found 
that secondary reactions took place during benzaldehyde autoxi- 
dation which were not given by isolated perbenzoic acid; for 
example, Jorissen and van der Beek (12) showed that at 60° in sun- 
light carbon tetrachloride was oxidized to phosgene in the presence 
of autoxidizing benzaldehyde, while under the same conditions 
with perbenzoic acid this did not take place. Also they were able 
to isolate from autoxidizing benzaldehyde dissolved in acetone 
perbenzoic acid equivalent to about 60 per cent of the oxygen up- 
take.! Furthermore, we show that under our experimental condi- 
tions, in dilute benzene solution, perbenzoic acid decomposes with 
evolution of oxygen as easily in the presence as in the absence of 
benzaldehyde. Such a liberation of oxygen would not occur if 


1 Acetone seems in general to have a stabilizing effect on peroxides; for 
example, Gaffron (13) found up to 100 per cent peroxide in his photochemi- 
cal oxidation of amines in acetone. 
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the per-acid here reacted with the aldehyde in the manner observed 
by von Bayer and Villiger. 

Raymond (9) even states that perbenzoic acid inhibits the au- 
toxidation of benzaldehyde, which would be expected from the 
general reaction mechanism for autoxidations proposed by Haber 
and Willstiitter (14), in which the reaction chain would be broken 
by the formation of a peroxide. Biickstr6m and Beatty (15) con- 
clude from their experiments that the active peroxide formed 
must be very stable; we find, however, that the per-acid is stable 
only in the absence of water or moderately stable in strongly alka- 
line solutions. For comparison, monoperphthalic acid (16) is very 
stable in aqueous solution and also in aqueous pyridine and aque- 
ous phosphate. With hemin it decomposes slowly, more slowly 
with phosphate hemin than with pyridine hemin. 


SUMMARY 


1. Benzaldehyde, purified by distillation and fractional erys- 
tallization, does not autoxidize in benzene solution, but in the 
presence of small amounts of iron it absorbs oxygen very readily 
without an induction period. 

2. For the oxidation of such a purified benzaldehyde, pyridine 
hemochromogen is more effective as a catalyst than ferrous ion, 
and ferrous ion more than ferric ion. 

3. Benzaldehyde purified by distillation only seems to be accom- 
panied by substances which inhibit its catalytic oxidation, for it is 
not immediately activated by heavy metal. 

4. Phenol inhibits the catalytic action of 10 times its equivalent 
of iron. The inhibition is influenced by the order in which the 
materials are added. 

5. In the presence or absence of benzaldehyde, perbenzoic acid 
in acid solution decomposes immediately, with liberation of oxy- 
gen. With benzaldehyde in non-aqueous solution, the per-acid 
is stable, even in the presence of hemin. 


BIBLIOGRAPHY 


1. Stange, Buchners Repet. Pharm., 14, 333 (1823); from Beilstein, F., 
Handbuch der organischen Chemie, Berlin, 4th edition, 7 (1925). 

2. Reiff, O., J. Am. Chem. Soc., 48, 2893 (1926) 

3. Brunner, M., Helv. chim. acta, 10, 707 (1927). 


XUM 


K. Meyer | 37 


. Wieland, H., and Fischer, F. G., Ber. chem. Ges., 59, 1171 (1926). 
. von Bayer, A., and Villiger, V., Ber. chem. Ges., 33, 1569 (1900). 
i. Kuhn, R., and Seiffert, C., Ber. chem. Ges., 61, 307 (1928). Fisher, 


H., Hummel, G., and Treibs, A., Ann. Chem., 471, 237 (1929). 


. Kuhn, R., and Meyer, K., Naturwissenschaften, 16, 1028 (1928). 

. Wieland, H., and Richter, D., Ann. Chem., 495, 284 (1932). 

. Raymond, E., J. chim. physiq., 28, 316, 421, 480 (1931). 

. Bickstrém, H. L. J., J. Am. Chem. Soc., 49, 1460 (1927); Medd. Veten- 


skapsakad. Nobelinst., 6, Nos. 15, 16 (1927). 


. Roth, W. A., and Scheel, K., Landolt-Bérnstein Tabellen, Berlin, 5th 


edition, 1 (1923). 


. Jorissen, W., and van der Beek, P., Rec. trav. chim. Pays-Bas, 45, 245 


(1926); 46, 42 (1927); 47, 286 (1928). 


. Gaffron, H., Ber. chem. Ges., 60, 2229 (1927). 

. Haber, F., and Willstitter, R., Ber. chem. Ges., 64, 2844 (1931). 

. Bickstrém, H. L. J., and Beatty, H., J. Physic. Chem., 36, 2530 (1931). 
. von Bayer, A., and Villiger, V., Ber. chem. Ges., 34, 763 (1900). 


7 

10 

13 

14 

15 

16 

XUM 


XUM 


ON CATALYTIC OXIDATIONS 
III. THE OXIDATION OF PYRUVIC ACID* 


By KARL MEYER 


(From the Laboratory for General and Analytical Chemistry of the Technical 
Institute of the Swiss Confederation, Zurich, Switzerland) 


(Received for publication, June 22, 1933) 


In continuation of the studies (1) of catalytic oxidation of vari- 
ous substrates, attention has been turned to the enolic double bond, 
which often appears in the active forms of biologically important 
substances. Pyruvie acid serves as a pertinent example. This 
substance has been found (1) to autoxidize in alkaline, though not 
in acid or neutral, solution, and its oxidation in alkaline solution is 
catalyzed by hemin. The principal product of the reaction is 
oxalic acid, obtained in 64 to 75 per cent of the amounts calculated 
from the oxygen uptake. In nitrogen under the same conditions, 
no oxalic acid is found, so that it is definitely a product of oxida- 
tion, not of condensation. 

In the light of evidence of the enolization of pyruvic acid in al- 
kaline solution (2) it appears probable that it is the enol which 
autoxidizes 


CH,—-C(OH) - COOH + 20, — CO, + (COOH), + H,0 


This reaction is catalytically accelerated not only by hemin but to 
«a much greater degree by certain fluorescent dyes. ‘The latter re- 
quire the presence of light; the action of hemin is not affected by 
light. Oxalie acid is produced in every case, and in similar yields. 

Of the dyes examined, the most active was eosin. Rhodamine 


* This work was made possible through a fellowship of the International 
Education Board and the Rockefeller Foundation during 1928 and 1929. 
The writer wishes to thank Professor Richard Kuhn for his kind interest 
and helpful suggestions while the experiments were in progress, and to ac- 
knowledge his indebtedness to Professor H. T. Clarke and Dr. J. W. Palmer 
for their assistance in preparing this work for publication. 
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B (diethyl-m-aminophenolphthalein) which has a red-brown fluo- 
rescence, is only one-tenth as effective a catalyst. With J-acid 
(6-amino-1-naphthol-3-sulfoniec acid) and _  dihydrothiotolenesul- 
fonic acid, both of which have a violet fluorescence, no increase of 
oxygen uptake could be observed. Chlorophyll in a lipid solvent 
exerts only a slight effect, but isochlorophyllin in aqueous solution 
is nearly as effective as eosin. In the experiments with iso- 
chlorophyllin the dye concentration was less than one-hundredth 
of that necessary for visibility of the fluorescence. 

Cyanide, in contrast to its effect on hemin catalysis, does not 
decrease the photochemical oxidation with eosin, nor does phenol, 
which inhibits the autoxidation of benzaldehyde (3) and other 
substances. 


EXPERIMENTAL 


The experiments were done in a Warburg shaking apparatus 
in a dark room. The temperature was 37°. In most cases it 
was unnecessary to keep the substrate and the catalyst in separate 
parts of the vessels until temperature equilibration was attained, 
as the dark reaction of all experiments described here was very 
slow. Readings were begun from 12 to 15 minutes after the man- 
ometers were placed in the thermostat. Pure oxygen was used, 
and when further fillings of the manometers were necessary during 
the course of the experiments these were made during a dark period 
while the manometers remained in the thermostat. 

The thermostat was lacquered white inside. As light source we 
used two 110 volt, 25 watt cylindrical show case lamps with single 
straight wire filament, one on each side of the bath, suspended 
horizontally on movable clamps. The lower halves of the lamp 
suriaces were silver-covered. The distance from the filament to 
the bottom of the vessels was about 7 em., and was kept the same 
in all experiments. 

The pyruvic acid (Kahlbaum purissimum) was twice distilled 
zn vacuo and immediately converted to the sodium salt with the 
theoretical amount of NaOH. (In some of the early experiments 
the pyruvic acid was used as such in 10 per cent solution or 0.88 
nN.) The pyridine hemin was, as in Paper I (1), a M/650 solution 
of recrystallized beef blood hemin in 5 per cent aqueous pyridine. 
Buffers were made according to Sorensen. The eosin was a well 
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crystallized sample of the free acid from the collection of the 
Institute, and was dissolved to give « 0.1 per cent solution in 0.01 N 
NaOH. In Tables I to III the oxygen consumption is expressed 
in ¢c.mm. of oxygen. 

The slowness of the reaction in the presence of pyridine hemin 
alone in the dark is shown in Table I. Simultaneous experiments 
with 0.05 ec. of 5 N NaOH with pyruvic acid, sodium pyruvate in 
acid and neutral solution, with and without hemin, failed to show 
any oxygen uptake. Under the conditions of Table I, in 33 days 
with an oxygen consumption of 4000 to 5000 c.mm. oxalic acid 


TABLE I 
Oxidation of Pyruvic Acid in Presence and Absence of Hemin 


Vessel A. 0.3 cc. 0.88 N pyruvic acid + 0.9 ec. phosphate (pH 7.4) + 0.2 


cc. 5 N NaOH + 0.1 ce. pyridine hemin. 
Vessel B. 0.3 ec. 0.88 N pyruvic acid + 0.9cc. phosphate (pH 7.4) + 0.2 


cc. 5 N NaOH + 0.1 ce. aqueous pyridine. 
No illumination. 


absorbed, ¢.mm. 
Time 
Vessel A Vessel B 
min, 

50 5 2 
110 12 7 
160 | 21 13 
960 | 253 | 169 

1080 | 309 200 
1320 | 432 270 


was formed equivalent to 73.6, 74.2, and 63.9 per cent of the oxy- 
gen uptake in the presence of, respectively, aqueous pyridine and 
phosphate, pyridine hemin and phosphate, and aqueous pyridine 
and citrate. 

Our first example of a photochemical oxidation, shown in Fig. 
1, is a comparison of the oxidation in the presence of eosin with 
that in the presence of hemin under identical conditions. The 
hemin oxidation is not at all accelerated by light. At the end of 
the experiment the solution containing eosin was transferred with 
dilute acetic acid and oxalic acid was determined. ‘The observed ~ 
O. uptake was 2100 c.mm., O2 corresponding to 3.34 cc. of 0.01 N 
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+400 


4HOURS 

Fic. 1. Oxidation of pyruvic acid with eosin and pyridine hemin. Each 
vessel contained 0.3 cc. of 0.88 N pyruvic acid + 0.2 ec. of 5Nn NaOH + 0.9 
ec. of water + 0.1 cc. of addition. Additions: Curve I, 0.1 per cent eosin 


in 0.01 nN NaOH; Curve II, m/650 pyridine hemin in 5 per cent aqueous pyri- 
dine. 


TABLE II 
Oxidation of Pyruvic Acid tn Presence of Isochlorophyllin 

Vessel A. 0.3 cc. 0.1 N sodium pyruvate + 1.0 cc. isochlorophyllin 0.1 
per cent in 0.01 n NaOH + 0.2 cc. 5 Nn NaOH. 

Vessel B. 0.3 ec. 0.01 N sodium pyruvate + 1.0 ec. 0.01 nN NaOH 4+ 0.2 
ec. 5 N NaOH. 

Vessel C. 0.3 cc. 0.1 N sodium pyruvate + 0.5 ec. isochlorophyllin solu- 
tion + 0.5 ec. 0.01 N NaOH + 0.2 ec. 5 N NaOH. 

Vessel D. 0.3 ce. water + 1.0 cc. isochlorophyllin solution + 0.2 cc. 
5 n NaOH. 


absorbed, ¢.mm. 
Time Remarks 
Vessel A Vessel B Vessel C Vessel D 

min | 

30 101 0 59 40 Light 

60 159 0 87 61 * 
128 216 0 116 79 ie 
240 240 7 125 91 Dark 
300 256 138 92 Light 
360 274 148 100 ” 
420 288 7 154 103 si 


K. Meyer 43 


KXMnQ, used for the oxalic acid, 1498 ¢.mm., or 74.4 per cent of 
the observed. 

Under the identical conditions of the experiment of Fig. 1, 0.1 
ce. (10-4 gm.) of eosin by itself absorbed in 4 hours under illu- 
mination 28 c.mm. of Or. 


Fic. 2. Photooxidation of pyruvic acid. Each vessel contained 0.3 cc. 
of 0.88 N pyruvic acid + 0.9 cc. of water + 0.2 ec. of 5 N NaOH + 0.1 
ec. of 0.1 per cent solution of sensitizer in 0.01 Nn NaOH. The following 
sensitizers were employed: Curve I, J-acid; Curve II, rhodamine B; Curve 
III, eosin. 


In the presence of 0.1 cc. of 0.1 per cent chlorophyll in cylco- 
hexanol and light, 650 c.mm. of O2 were absorbed in 250 minutes 
by 0.3 cc. of 0.88 N pyruvic acid in a total volume of 1.5 cc., while 
with 0.3 cc. of 0.1 N sodium pyruvate 71 c.mm. of O2 were absorbed. 
There was no appreciable absorption of O2 during dark periods. 
The chlorophyll, as in all subsequent experiments, was a very 
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pure preparation having the components A and B in their natural 
ratio, which Professor Stoll of Basle very kindly furnished. 

With eosin, 0.3 ec. of 0.1 N sodium pyruvate in slightly alkaline 
solution absorbed no oxygen in 370 minutes of illumination, but 
with 1.1 ce. of 0.227 N NaOH also present in the total volume of 1.5 
ec., 136 ¢.mm. of O. were absorbed. Without eosin, O2 was ab- 
sorbed in neither case. 

The action of isochlorophyllin as a sensitizer is illustrated in 
Table II. The isochlorophyllin was prepared from nettles ac- 


TABLE III 
Oxidation of Pyruvic and Sorbic Acids in Presence of Eosin 

Vessel A. 0.3 cc. 0.1 N sodium pyruvate + 0.1 ce. eosin solution + 0.9 
ce. water + 0.2 ec. 5 N NaOH. 

Vessel B. 0.3 ec. 0.1 N sodium sorbate + 0.1 ec. eosin solution + 0.9 
ce. water + 0.2 cc. 5 N NaOH. 

Vessel C. 0.3 ce. 0.1 N sodium sorbate + 0.1, ec. 0.01 N NaOH + 0.9 
cc. water + 0.2 cc. 5 N NaOH. 

Vessel D. 0.3 cc. 0.1 N sodium sorbate + 0.1 ce. eosin solution + 1.1 
ec. water. 


| absorbed, ¢.mm. 
| Vessel A | Vessel B | Vessel C | Vessel D 
man, | | | | 
19 2 | 7 Light 
300 194 | 2 | 27 | Dark 
360 244 | 99 3 37 Light 
420 296 | 117 7 51 | si 


cording to the procedure of Willstitter and Stoll (4). The free 
acid was isolated as a gummy material which was completely 
soluble in alkali. The light green solution showed a red-brown 
fluorescence in thick layers, but in the reacting solution no fluo- 
rescence could be seen. ‘The color of the solution was bleached out 
inashort time. As ean be seen from Table II, the isochlorophyllin 
showed by itself a considerable oxygen consumption as compared 
with eosin and chlorophyll. 

The effect of eosin, rhodamine B, and J-acid are compared in Fig. 
2. ‘The rhodamine B and the J-acid were also from the collection 
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of the Institute. Rhodamine B has a strong brown-red fluores- 
cence, and J-acid in slightly alkaline solution, a violet fluores- 


cence. At the end of the experiment, the eosin and rhodamine B 
solutions were still well colored. 


1200 Cmm.O5 V 


lV 


400 + 
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Fic. 3. Photooxidation of pyruvic acid with varying amounts of eosin. 
Each vessel contained 0.3 ec. of 0.88 N pyruvie acid + 0.9 cc. of water + 
0.2 cc. of 5N NaOH + 0.1 cc. of 0.01 N NaOH containing eosin in the amount 
indicated: Curve I, none; Curve II, 107!° gm.; Curve III, 10-§ gm.; Curve 
IV, 10-* gm.; Curve V, 107‘ gm. 


Table III presents the data of the experiment comparing the 
action of eosin and light on pyruvie acid and sorbie acid in neutral 
and alkaline solutions. At the end of the experiment Vessel D 
was still completely colored, Vessel A partially colored, and 
Vessel B completely bleached. Tartarie acid in neutral and 
alkaline solution did not show any oxygen uptake beyond that 
absorbed by the eosin. It is evident from Table III that, in con- 
trast to pyruvic acid, sorbie acid is oxidized at the neutral point, 
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although to a lesser degree. We have already shown (1) that 
sorbic acid is also oxidized in the presence of hemin in neutral 
solution. 

Fig. 3 indicates the effect of the concentration of eosin on the 
rate of oxidation. The eosin solutions were prepared from the 
stock 0.1 per cent solution by dilution with 0.01 n NaOH, so that 
the 0.1 cc. used contained the amount of eosin represented. 

Further experiments demonstrated that 0.3 cc. of freshly pre- 
pared 0.1 N HCN solution in the total volume of 1.5 ce. did not 
inhibit this oxidation, nor did 0.2 cc. of 0.01 or 0.05 m phenol. 
Phenol is apparently oxidized along with the pyruvic acid, al- 
though by itself under conditions otherwise the same it is not oxi- 
dized. 


DISCUSSION 


Evidence of the existence of enolized pyruvic acid in alkaline 
solution was furnished by Henri and Fromageot (2). These 
authors also stated that by the oxidation of the ketone form of 
pyruvic acid with heavy metals (ceric ion) acetic acid and CO: are 
formed (2). The following equations demonstrate that the oxi- 
dation of the enolic form uses more oxygen than that of the ketone 
form: 


CH,—COH - COOH + 20, — CO. + H.O + (COOH), (1) 


We obtained oxalic acid as a product of the reaction, although in 
somewhat smaller amount than would be expected from the oxygen 
uptake and Equation 1. In nitrogen under the same conditions, 
no trace of oxalic acid is formed; therefore condensation as a source 
of oxalic acid from pyruvic acid, such as the formation of 1 mol 
each of methyldihydrotrimesinic and oxalic acids from 4 mols of 
pyruvic acid (5), can be excluded. We feel that the formation of 
oxalic acid makes it evident that the pyruvic acid under our ex- 
perimental conditions is oxidized in the enolic form, CH= 
COH-COOH. The oxygen absorbed above the 2 mols necessary 
for each mol of oxalic acid produced is apparently used to oxidize 


CH; -CO-COOH + 30; — CH;COOH + CO, (2) 
XUM 
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condensation products of the pyruvic acid without the formation 
of oxalic acid.! 

Recently it has been suggested (7) that there is a third form of 
pyruvie acid of the following structure 


CH:= C————_COH 


O OH 


This form is postulated in neutral or slightly acid solutions from 
the comparison of the ultra-violet absorption spectra of alkyl- 
substituted pyruvie acids with the occurrence of the reaction with 
FeCl;. A compound of this structure should be oxidized photo- 
chemically, as in following papers we will show that a terminal 
double bond, such as that in decenic and undecenic acids, is 
easily oxidized by eosin or chlorophyll in the presence of light. 
The stability of the acid at pH 7 seems to indicate to us therefore 
that such a compound could not be present in appreciable 
amount. The failure of the FeCl; reaction is explainable on 
other grounds (8). 

In comparing the oxidation of pyruvic acid with that of sorbic 
acid, it is noticeable that sorbie acid, which has two conjugated 
double bonds, and was oxidized slowly with hemin (1), is also 
slowly oxidized with eosin and light. The slower oxidation is 
undoubtedly due to the stabilizing effect of the conjugation of the 
double bonds. In contrast to pyruvie acid, it is oxidized in neu- 
tral solution. Tartaric acid is stable against hemin as well as 
against eosin or chlorophyll and light under all conditions. 

With fluorescent dyes, pyruvic acid is oxidized only in the pres- 
ence of light and in alkaline solution. Alkalinity was also neces- 
sary for oxidation with hemin. There is a great difference in the 
speed of the reaction with these two catalysts: the oxygen con- 
sumption which is obtained in a few hours with eosin requires 
several weeks with hemin. 

The constancy of the per cent of oxygen used to form oxalic 


1 Following the publication of Paper I (1) oxalic acid was obtained by 
Neuberg (6) from the oxidation of pyruvic acid in neutral or slightly acid 
solution on the water bath by sodium chlorate activated hy osmium 
tetraoxide. 
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acid indicates that in all these oxidations (autoxidation or cataly- 
sis by heavy metal impurities, catalytic oxidation with hemin, and 
catalysis by eosin and light) the mechanism is the same, since 
apparently in all, despite the difference in time, there are the same 
relative amounts of oxidation to oxalic acid and oxidation not 
yielding oxalic acid, probably that of condensation products. The 
relation of polymerization to autoxidation has often been noted 
(9). This suggests that for both reactions the same intermediary 
form exists, probably a free radical capable of combining either 
with oxygen or another similar radical. 

There is a great difference in the rate of oxidation of pyruvic 
acid as well as of other compounds, depending upon the nature of 
the sensitizer used. It seems impossible at present to explain this, 
in view of the scarcity of knowledge we have on the mechanism of 
the reaction. It seems reasonable to conclude from our experi- 
ments that the fluorescence is a necessary but not sufficient qual- 
ity of the dye. The photochemical action does not seem to de- 
pend merely upon the wave-length or intensity of the absorbed or 
emitted light. The chemical constitution of the dye must be of 
highest importance. Ina series of publications (10), Kautsky and 
his coworkers have concluded from work on the depression of the 
fluorescence of chlorophyll by oxygen that the only molecule ac- 
tivated by the system is the oxygen molecule. In view of Kaut- — 
sky’s work and the dependence we find of the rate of oxidation 
upon the eosin concentration, it seems probable that there is an 
activated dye-oxygen molecule that reacts stoichiometrically with 
the substrate. 

In experiments on the oxidation of benzaldehyde in the presence 
and absence of ultra-violet light, Backstrém (11) found that phe- 
nol inhibited the light as well as the dark reaction. We have not 
vet found in our experiments any case in which phenol inhibits a 
photochemical reaction. 


SUMMARY 


Pyruvie acid is oxidized by hemin and by photosensitizers only 
when present in the enolic form. The main oxidation product is 
oxalie acid. 

The speed of the photochemical reaction is proportional to the 
concentration of pyruvic acid, other faetors remaining constant. 
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The speed of the reaction is proportional to the logarithm of 


the eosin concentration, other factors remaining constant. 


The reaction is further dependent upon the nature of the fluo- 


rescent dye used. 


The reaction is not inhibited by phenol. 


This work is being continued in the Research Laboratories of 


the Department of Ophthalmology, College of Physicians and 
Surgeons, Columbia University. 
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SOME ASPECTS OF CITRIC ACID METABOLISM* 


By ADRIAN C. KUYPER anp H. A. MATTILL 
(From the Biochemical Laboratory, State University of Iowa, Iowa City) 


(Received for publication, July 12, 1933) 


In addition to its presence in milk (9) and urine (1) citric acid 
has, within the past few years, been found in many other body 
fluids including sweat (12), cerebrospinal fluid (2), aqueous hu- 
mor (7), follicular fluid (14), and blood (3). Apparently, saliva is 
the only body fluid tested in which citrate has not been detected.! 

Although citric acid appears to be so generally distributed and 
is excreted by the normal individual in amounts from 0.2 to 1.0 
gm. daily (15), its rédle in metabolism is obscure. Tolerance 
studies have led to confusing results because of the interfering ac- 
tion of the large amounts of alkali present in the citrates used 
(sodium citrate contains practically as much alkali per gm. as 
sodium bicarbonate). The fact that citric acid forms a soluble, 
slightly ionized salt with calcium has suggested that it may be 
related to calcium metabolism (5), but Greenberg and Greenberg 
(6) find little good evidence that such a slightly ionized combina- 
tion is present in the blood. In 1931, Ostberg (15), on the basis of 
evidence which showed that the amount of citric acid excreted 
varies directly with the pH of the urine, suggested that citric acid 
is primarily a part of the acid-base regulatory mechanism and that 
it is synthesized to neutralize excess alkali just as ammonia is 
synthesized to neutralize excess acid. On the other hand, the 
large amounts of citrate excreted in fasting and on ketogenic diets 
(4) indicate that citrate metabolism must be controlled by other 
factors in addition to acid-base relationships. 

In the present work, the influence of acid-base relationships and 


* A report of this work was presented before the American Society of 
Biological Chemists at Cincinnati, April 10, 1933 (J. Biol. Chem., 100, 1xi 
(1933)). 

! The methylene blue-enzyme method failed to show even a trace. 
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of dietary factors was investigated by following blood citrate 
concentration and urinary excretion of citric acid after exercise 
and after the administration of food, sodium biearbonate, am- 
monium chloride, and citric acid itself. The pentabromoacetone 
method? was used for the determination of citrate in urine, the 
Thunberg methylene blue method* for the analysis of blood. 
Analysis of urines collected in half hour periods throughout the 
day from a human subject on a mixed diet revealed that the rate 
of citrate excretion is directly related to the ingestion of food and 


2 Numerous modifications were introduced into the original Amberg- 
McClure method (1). The urine sample (50 ce., or smaller amounts di- 
luted to that volume) to which 10 ec. of sulfuric acid (1:1) and 3 ce. of 37.5 
per cent potassium bromide solution are added, is heated on a water bath 
to 52-54° (the limit of 50-55° is rather too wide (10)); sufficient 5 per cent 
potassium permanganate is added immediately to give a precipitate of 
manganese dioxide; this is usually 15 ec., but more must be used when lactic 
acid or other easily oxidized substances are present. An excess of acidi- 
fied concentrated ferrous sulfate solution is added to reduce the precipi- 
tated manganese dioxide and the flask is allowed to cool overnight in the 
ice box (8). The solution is filtered cold through a Gooch crucible and 
washed with several small portions of water. The crucible is dried in a 
sulfuric acid desiccator for 24 hours, weighed, heated at 105° for 10 hours, 
weighed again, and the difference in weight taken as the weight of pentabro- 
moacetone (13). The amount of citric acid (plus | molecule of water) pres- 
ent in the original sample is calculated from the formula, 1.05 (0.464 P 
+ 0.019 S), where P is the weight of pentabromoacetone in mg., 0.019 is a 
solubility factor, and S is the volume of the discarded filtrate (8). Con- 
trol experiments showed that preliminary treatment with bromine and 
charcoal (13) did not change the citrate values obtained on normal human 
urine. Duplicate analyses on standard solutions and on urine samples 
checked consistently within a few per cent. 

Certain modifications of Thunberg’s method (17) have already been 
described (11). Seeds (usually 1 gm. of peeled seeds to 9 ec. of 0.87 per 
cent K,.HPO,) were mechanically ground, vigorously, for a period of 3 
hour, then centrifuged at high speed for an hour, and allowed to stand at 
room temperature for at least another hour before use. This procedure 
produced an extract which maintained a fairly constant activity for 3 hours 
at room temperature, or longer if kept cold, with very little change in the 
“eritical value.’’ The interfering action of inorganic salts, especially cal- 
cium, in the estimation of very small amounts of citrate as found in blood, 
was minimized by the use of the extract thus prepared; furthermore the use 
of 1:60,000 methylene blue instead of 1:30,000, as suggested by Thunberg, 
permitted the precise determination of as little as 2 mg. of citrate per 100 cc. 
of blood with no interference on the part of the serum salts. 
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that it appears to parallel the pH of the urine during these short 
periods as well as in the 24 hour periods reported by Ostberg. 
Following each meal, notwithstanding the absence of food known 
to contain citrate, such as milk and citrus-fruits, there was a 
marked increase in the rate of citric acid excretion along with an 
increase in the pH of the urine as shown in Fig. 1. In Fig. 2 
when no breakfast or lunch was eaten both the pH and rate of 
excretion of citrate remained low until dinner; then they both 
increased. The experiments recorded in Figs. 3 to 6 were designed 
to elucidate the relation between urinary pH and citrate excre- 
tion. Fig. 3 shows the rate of citrate excretion during a morning’s 
fast. The ingestion of 4 gm. of ammonium chloride (Fig. 4) 
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during a similar fasting period caused a decrease in both the pH 
of the urine and the rate of citrate excretion. ‘Two periods of 
voluntary hyperpnea and the accompanying alkalosis (Fig. 5) 
caused marked increases in the rate of citrate excretion. Adminis- 
tration of 5 gm. of sodium bicarbonate (Fig. 6) proved insufficient 
to cause a significant change in citrate excretion although it in- 
creased the pH of the urine. The depressing action of ammonium 
chloride and the accelerating action of voluntary hyperpnea indi- 
eate that the mechanism which controls the output of citrate is 
flexible like that for ammonia production and that citrate may 
take an active part in maintaining the proper acid-base equilibria. 
Strenuous exercise caused a marked decrease in the rate of ci- 
trate excretion (Fig. 7) but two periods of mild exercise (walking, 
lig. 8) apparently had no effect. The marked decrease following 
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strenuous exercise may be related to the accumulation of large 
amounts of, lactic acid and the consequent greater acidity of the 
urine. 

These almost parallel changes in citrate excretion and pH of 
urine produced by alkalinizing or acidifying measures suggest that 
the increased citrate output following meals might be simply a 
reflection of the alkaline tide. However, ingestion of food must 
act also in another way, inasmuch as sodium bicarbonate produced 
a more alkaline urine than eggs and toast (Fig. 9) but caused 
little change in citrate output. Furthermore, when ammonium 
chloride was added to a breakfast of eggs and toast (Fig. 10) there 


TABLE I 
Influence of Fasting and Ingestion of NaHCO; on Citrate Content of Rabbit 
Blood 
Day Time Procedure —_— 
vol. per mg. per 
cent cent 
1 2.30 p.m. Food removed 
3.30 “ Heart puncture 44.9 13.8 
2 10.30 a.m. 51.3 4.7 
2.30 p.m. 0.75 gm. NaHCO; per kilo 
9.30 “ Heart puncture 61.7 5.0 
3 10.30 a.m. ” 62.0 3.3 
4 10.40 “ 57.9 3.1 
10.50 “ 1.5 gm. NaHCO; per kilo 
4.10 p.m. Heart puncture 82.0 4.7 


was still an increase in the rate of citrate excretion in spite of a 
lowered pH of the urine. Since 50 gm. of glucose caused little 
change in citrate output, the increase following eggs and toast 
which is not referable to alkaline tide may be associated with the 
metabolism of fat or protein. Boothby and Adams (4) suggested 
that citrate excretion is particularly related to fat and protein 
metabolism when they found that large amounts of citric acid 
were excreted at times when the R.q. indicated that only fat and 
protein were being oxidized. 

Citrate excretion could scarcely be influenced by unsuspected 
traces of citrate in food. In Figs. 11 to 14, 2 gm. of citric acid 
taken during a fasting period increased the urinary citrate by less 
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than 30 mg., 5 gm. by less than 125 mg., and 20 gm. by less than 
350 mg. In each case, from 1.5 to 2.5 per cent of the ingested 
acid escaped oxidation. In a 40 day experiment in which the 
subjects took a standardized weighed diet and in which 24 hour 
urine samples were analyzed, similar increases were noted after 
the ingestion of citric acid; in some cases these were followed by a 
compensatory decrease in excretion on the following day. Such a 
compensatory decrease occurring within the same 24 hour period 
may explain why Ostberg in numerous instances missed the in- 
creased citrate excretion after the ingestion of citric acid. 


TABLE II 
Influence of Ingestion of NaHCO, and NH 


sCl on Blood Citrate Concentration 


| | Alkali Blood 


Subject | Time | Procedure | 
| vol, per mg. per 
| | cent cent 
Rabbit B 10.00 a.m. | Food removed 
aoe: Heart puncture 48.8 7.6 
11.40 * 1.25 gm. NaliCoO, per kilo 
2.25 p.m. | Heart puncture 75.5 7.6 
Rabbit C | 10.00 a.m. | Food removed 
| a Heart puncture 64.0 7.8 
0.75 gm. NH,Cl per kilo | | 
| 2.40 p.m. | Heart puncture | 39.6 | 5.8 
™ | 39.2 | 3.9 


In order to visualize more clearly the events in citric acid me- 
tabolism, an attempt was made to correlate the changes in urinary 
excretion of citric acid with the citrie acid content of human and 
rabbit blood, under the action of the same variables. In a typical 
experiment on a well fed rabbit (Table 1) the blood citrate was 13.8 
mg. per 100 ec. A 20 hour fast reduced this value to 4.7 mg. 
Administration of 0.75 gm. of sodium bicarbonate by stomach 
tube resulted after 7 hours in a very slight increase of blood citrate, 
to5mg. Although the total carbonic acid remained at about 60 
volumes per cent, further fasting caused the blood citrate to de- 
cline to 3.1 mg. <A second administration of bicarbonate raised 
the total carbonic acid to 82 volumes per cent, the blood citrate to 
4.7 mg. per cent. In another experiment (Table II) sodium bi- 
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carbonate was administered to a well fed rabbit immediately after 
food had been removed; within 7 hours, in spite of a high carbon 
dioxide-combining power, the blood citrate decreased rather than 
increased. Another fasting rabbit was given ammonium chloride. 
The combined action of fasting and acid served to reduce the blood 
citrate to 3.9 mg. within 7 hours. Fasting thus decreased the 
blood citrate of rabbits regardless of acid or alkaline conditions 
and the changes produced by administration of acid or base were 


TABLE III 
Citrate Content of Blood Taken from Various Blood Vessels of the Rabbit 


Subject | Time | Procedure be 
mg. per 
cent 
Rabbit D | 2.40 p.m. | 1.0 gm. NaHCO, per kilo 
4.15 “ Amytal anesthesia 
5.50-6.20 p.m. Blood taken from 
Portal vein 15.0 
Hepatic “ 15.0 
Renal 12.0 
Hepatic “ 15.0 
| Heart 15.0 
Rabbit KE | 1.12 p.m. 1.0 gm. citric acid per kilo 
“ Amytal anesthesia 
2.37-2.49 p.m. Blood taken from 
Heart 21.0 
Lower vena cava 22.0 
Portal vein 25.0 
Hepatic ‘ 25.0 
Heart 23.0 


small in comparison with the large decrease caused by fasting. 
This is in agreement with the observations on human urine show- 
ing that alimentary processes as well as acid-base relationships 
are concerned in citric acid production. 

In an attempt to localize citrate production and metabolism in 
particular organs of the body, a number of experiments were per- 
formed in which the citrate content of blood taken from various 
veins was compared with that taken from the heart. Rabbit D 
(Table IIT) was given 1.0 gm. of sodium bicarbonate per kilo by 
stomach tube and anesthetized with sodium amytal. Blood 
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samples taken from the portal and hepatic veins and from the 
heart all contained 15 mg. per 100 cc.; no detectable changes in 
citrate content occurred in passing through the liver or the intesti- 
nal circulation. Blood taken from the renal vein contained only 
12 mg., indicating that the kidney was removing citrate from the 
general circulation. After a similar experiment in which blood 
leaving the kidney was found to contain more citrate than that 
taken from the heart, Ostberg (15) suggested that citrate is made 
in the kidney. His analyses may have been unreliable because 
his data show that inorganic salts interfered with his citrate de- 
terminations. In anotherexperiment (Rabbit EF) samples of blood 


TABLE IV 
Influence of Exercise and Food on Citrate Content of Human Blood 
Time Procedure 
mg. per 
cent 
12.10 p.m. | Mixed lunch 
Blood taken from arm 2.8 
i 2 minutes strenuous exercise 
i Blood taken from arm 2.8 
9.48 a.m. | 5 gm. NaHCO; (fasting) 
11.40 “ Blood taken from right arm after vigorous working 2.0 
of fist 
11.50 “ Blood taken from resting left arm 2.0 


taken after the administration of citric acid showed slightly larger 
saumounts of citrate present in the portal and hepatic veins than in 
the rest of the circulation, probably due to absorption from the 
intestine, but, as with Rabbit D, the values do not differ suffici- 
ently to relate any organ to citrate metabolism. They rather sug- 
gest, as does also the discovery of a citric acid dehydrogenase in 
muscle (18), that all active tissue may be involved. 

Finally, Table IV shows the influence of exercise and of food on 
the citrate content of human blood. A sample taken from the 
arm 3 hours after lunch contained 2.8 mg. of citric acid per 100 cc., 
a second sample taken 10 minutes after a 2 minute period of strenu- 
ous exercise which markedly lowered the citrate content of the 
urine, contained the same amount. The citrate content of a third 


A. C. Kuyper and H. A. Mattill 59 


sample, taken an hour and a half later, had dropped to 2.4 mg. 
per 100 cc. The following morning, the subject ate no breakfast 
but took 5 gm. of sodium bicarbonate. A sample of blood taken 2 
hours later from the right arm after the muscles of the forearm had 
been thoroughly tired out by opening and closing the fist, con- 
tained the same amount of citrate as a second control sample 
taken from the resting left arm, 2 mg. per 100 cc. Apparently, the 
rapid decrease in urine citrate due to exercise is not a reflection of a 
marked change in blood citrate. Sensitive as the enzyme method 
is, at levels as low as 2 mg. per 100 cc., it has too large a limit of 
error to detect with certainty the decrease in blood citrate neces- 
sary to account for the lower rate of excretion by the kidney. The 
changes in the blood citrate from 2.8 mg. per 100 ec. shortly after 
lunch to 2.4 mg. just before dinner and 2.0 mg. during a morning’s 
fast suggest that urinary citrate following meals may reflect the 
concentration of citric acid in the blood, but there is as yet no in- 
formation as to what the nature of the kidney threshold for citrate 
may be. Perhaps it is subject to variations similar to those of 
urie acid (16). 


SUMMARY 


Alkalosis and acidosis produced in rabbits by sodium bicarbon- 
ate and ammonium chloride administration increased and de- 
creased respectively the serum citrate concentration; inanition 
produced a marked decrease. 

The citric acid content of human urine increased slightly after 
each meal irrespective of the presence of citric acid in the food. 
Alkalosis produced by hyperpnea increased citrate excretion; 
vigorous exercise and the ingestion of ammonium chloride de- 
ereased it. Evidence is presented to show that the variations 
following the intake of food cannot be explained solely on the basis 
of acid-base relationships. 

Citric acid is rapidly but not completely oxidized by the human 
organism; when given in doses of 2 to 20 gm., 1.5 to 2.5 per cent 
escaped oxidation and was excreted in the urine. 

Analyses of rabbit blood drawn from various parts of the body 
failed to demonstrate a relation between any particular tissue and 
the oxidation of citric acid. Blood from the renal vein contained 
less citric acid than did blood from the renal artery. 
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THE AVAILABILITY OF IRON FROM DIFFERENT 
SOURCES FOR HEMOGLOBIN FORMATION* 
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In spite of the fact that our knowledge of iron metabolism has 
increased greatly during the past few years, relatively little atten- 
tion has been given to the importance of the different forms of 
iron for the prevention and treatment of anemia. Much of the 
earlier work dealing with the availability of the iron in foods was 
conducted before the necessity of copper was known. Obviously 
it is difficult to ascertain whether the results obtained in these 
studies were dependent upon the iron or the copper contained in 
the food in question. 

The fact that iron salts, such as ferric chloride, can function as 
the sole source of iron for hemoglobin synthesis (1), and that ecop- 
per functions only in the utilization of iron after it is assimilated 
(2), clearly indicates the importance of knowing the availability 
of the various iron salts. Ferric chloride has been used in most 
of the work with experimental animals because this form of iron 
is readily prepared in pure form. Clinical workers seem to have 
adopted ferric ammonium citrate as one of the best sources of 
iron. A daily dose of 4 to 8 gm. of this salt is reeommended for 
adults suffering from hypochromic anemia. A more complete 
knowledge of the availability of iron salts may lead to the use of 
smaller daily doses. 

The availability of iron compounds to an anemic animal may be 
determined by a study of the rate of hemoglobin formation in the 


* Supported in part by a Grant-in-Aid from the National Research Coun- 
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presence of sufficient copper, or by the amount of iron stored in 
the liver over a short period of time when the iron is fed in the 
absence of copper. The former method is much simpler when the 
source of iron is contaminated with copper. A chemical method 
by which only available iron would be detected is of great aid in 
the assay of foods for utilizable iron. The a,a’-dipyridyl reagent 
used by Hill (3) reacts only with iron which is not bound in com- 


plex form (non-hematin iron). Since hematin iron is not avail- — 


able for hemoglobin production (4), the amount of iron in the 
food which can be utilized by the body should be measured by 
this method. 

Results are presented in this paper to show the relation of the 
available iron in a few foods and iron compounds when determined 
by this method and when determined by animal feeding. De- 
tailed results will be given for wheat, oats, yeast, ferric chloride, 
ferric pyrophosphate, ferric glutamate, ferric hypophosphite, and 
glutamic acid parahematin. The iron salts were chosen because 
they represent different types of compounds. Ferric chloride is 
water-soluble and easily ionized. Ferric pyrophosphate is water- 
soluble, but the iron is held in such firm combination that it does 
not react with reagents such as potassium sulfocyanate. Ferric 
glutamate is an iron salt of an organic acid. Ferric hypophosphite 
is water-insoluble but soluble in acids. Glutamic acid parahema- 
tin was used because it contains iron in the complex hematin form 
and is soluble in neutral solutions. Parahematin as defined by 
Keilin (5) refers to oxyhematin united with a nitrogen compound. 
The glutamic acid parahematin was prepared by uniting hematin 
(hemin in alkaline solution) with glutamic acid hydrochloride at 
the neutral point. Glutamic acid was used as the nitrogen com- 
pound because a highly purified supply of it was available. In 
the case of ferric pyrophosphate we used both a commercial salt 
(Mallinckrodt) and one prepared from sodium pyrophosphate 
and ferric chloride. The ferric glutamate was obtained from The 
Caleo Chemical Company, Inc., through the courtesy of Dr. D. 
A. Bryce. 

Dipyridyl Method—The method of Hill (3) was followed with 
very few modifications. The a,a’-dipyridyl reagent was prepared 
according to the directions given by Hill (3). Biological materials 
were analyzed in the following manner. The sample was weighed 
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directly into a 15 cc. centrifuge tube without ashing, and suspended 
in 5 ec. of sodium acetate-acetic acid buffer of pH 5. About 0.25 
gm. of purified sodium hydrosulfite was added to reduce the iron to 
the ferrous state. A few crystals of a,a’-dipyridyl were added, and 
the entire suspension mixed thoroughly and allowed to stand un- 
til the color was fully developed. 5 cc. of 80 per cent alcohol were 
then added and the solution allowed to stand overnight. In the 
ease of fresh material the amount of alcohol added was reduced 
sufficiently to account for the water in the original sample. On 
the following day the sample was centrifuged and the amount of 


TABLE I 
Available Iron Determined by Dipyridyl Method 


gm mg mg 
0.50 0.50 100 
i 0.50 0.50 100 
Glutamic acid parahematin........... 0.50 0 0 


non-hematin iron determined by comparing the colored liquid with 
a standard solution prepared in a similar manner. 

The iron salts were analyzed in a similar manner except that 
small volumes of standard solutions of the salts were used as 
samples and that the final solution was diluted to 10 ce. with buffer 
solution rather than with alcohol. All the determinations were 
allowed to stand overnight to permit maximum color development. 
In the case of pyrophosphate the color formed rather slowly and a 
recovery of all the iron in the available form was only obtained 
after the reaction was allowed to go on for some time. ‘This result 
verifies the inactivity of iron held in the form of pyrophosphate. 
However, all the iron in ferric pyrophosphate does eventually 
react with a,a’-dipyridyl. 

The results for available iron determined by this method are 
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given in Table I. The values are calculated for the daily supple- 
ment of each material in order that they may be used directly 
in the discussion of the results obtained in the feeding experiments. 
It is readily seen that only about 50 per cent of the iron in wheat, 
oats, and yeast is available when measured by the dipyridy] 
method. Similar values have been obtained for other cereals and 
cereal preparations. Practically all of the iron was available in 
the iron compounds studied except in glutamie acid parahematin. 
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Cuart 1. The influence of age on the degree of hemoglobin regeneration 
in anemic rats treated with iron and copper. 


In this compound the iron is present in the form of hematin and 
consequently does not react with the dipyridyl. 

Animal Experiments—All the animals used were made anemic 
according to the method of Klvehjem and Kemmerer (6). This 
method has now been used in our laboratory for the past 3 years 
with excellent results. In fact it is very necessary to use this 
method to insure a thorough depletion of iron and copper stores 
before the additions are made to the milk diet. ‘The significance 
of small amounts of reserve iron and copper in animals used for 
iron metabolism studies is especially evident from the recent stud- 
dies on reticulocyte response by Schultze and Elvehjem (7). 
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Certain workers (personal communication) have criticized the 
growth and hemoglobin records which we have presented in our 
papers because they were discontinued when the animals had been 
on experiment 6 weeks. ‘They suggested that there was no evi- 
dence that our animals would continue to develop into normal 
adults. The completeness of a diet of milk plus iron, copper, and 
manganese is amply demonstrated in our paper on mineralized 
milk (8). Anemic rats, weighing 40 gm., placed on this diet 
grow to 200 gm. in 5 weeks time and develop into animals which 
are comparable in every way with those in our stock colony. 

One fact concerning the hemoglobin level in the blood needs to 
be emphasized. Animals reared under this regimen are often 
placed on experiment so young that their anemia is cured before 
they are 7 weeks old. Under these conditions the maximum level 
of hemoglobin attained is not as high as that observed when the 
aniraals are started at an older age. ‘The effect of age on the maxi- 
mum level of hemoglobin is shown in Chart I. The hemoglobin 
in the blood of the young rats started at 4 to 6 weeks of age and 
fed adequate amounts of iron and copper increased to 8 gm. or 
above during the Ist week of treatment and to 10 to 11 gm. by 
the 2nd week. The increase thereafter was very slow even in 
the presence of excess amounts of minerals and values of 15 gm. 
were obtained only when the animals were about 12 weeks old. 
An older rat started at 10 weeks of age showed a slower rate of 
increase at first but reached 15 gm. in 3 weeks. A curve pub- 
lished by Sure, Kik, and Walker (9) for normal rats is included to 
show that the low hemoglobin value during early age is a normal 
condition. The normal value for our rats when they have been 
on experiment 6 weeks is therefore about 12 gm. This fact should 
be kept in mind when studying our charts. 

The iron-containing supplements were added to a small portion 
of milk each morning to insure complete consumption. ‘The 
amount fed varied with the iron content of the material used. 
Each rat also received 0.05 mg. of copper as copper sulfate along 
with the iron supplement. When the iron salts were fed each rat 
was also given 0.04 mg. of Mn as MnCl,-4H.0O daily so that growth 
would be comparable with that obtained on the natural food ma- 
terials which supply manganese. Weight records and the hemo- 
globin determinations were made in the usual way. 
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Wheat and oats were first fed at 3 gm. levels together with 
copper. Some of the animals received finely ground material pre- 
pared by grinding the whole kernels with a mortar and pestle. 
Others were given the whole kernels which had been soaked in 
redistilled water overnight. No differences were observed between 
the two methods of feeding. Typical results are given in Chart 
II. Each curve represents the average of the values secured from 
four different animals. It is readily seen that the rate of hemo- 
globin formation produced by the addition of 3 gm. of wheat or 
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Cuart II. Results showing the relation of the rate of hemoglobin re- 
generation to the total and available iron content of food materials. 


oats to a milk diet supplemented with copper is much inferior to 
that produced by 0.5 mg. of Fe or even 0.3 mg. of Fe supplied as 
ferric chloride. The 3 gm. of wheat furnished 0.15 mg. of total 
iron and the 3 gm. of oats 0.21 mg. of total iron. The higher iron 
content of the oats produced a slightly greater rate of hemoglobin 
formation. Milk and cereals fed at levels comparable to those 
used in practical diets do not supply sufficient iron for rapid blood 
regeneration. The limitations of milk-cereal diets for infants are 
discussed in a recent paper by Elvehjem, Hart, and Sherman (10). 
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In order to compare the efficiency of the iron in the cereals with 
the iron in salts it is necessary to supply the iron at the same level. 
This was impossible in the case of wheat because of the large 
amount needed to supply sufficient iron, but by feeding 4.4 gm. of 
oats daily this cereal would furnish 0.3 mg. of total iron. The 
results in Chart II demonstrate that 0.3 mg. of iron from oats is 
not as valuable as 0.3 mg. of iron in the form of ferric chloride. 
The oats produced an increase of 6.8 gm. of hemoglobin while the 
ferric chloride caused an increase of 12.5 gm. in 6 weeks. The 
dipyridyl method indicated that only 57 per cent of the iron in oats 
is available, and the rate of hemoglobin formation obtained was 
almost comparable to that obtained with 0.3 mg. X 57 per cent or 
0.17 mg. of available iron. 

The simplest way of determining whether the chemical method 
actually estimates the iron available to an animal is to feed the 
natural foods at a level high enough to supply 0.3 mg. of available 
iron. This could not be applied to oats because approximately 
8 gm. would have to be used, which is more than a rat at this age 
can consume daily. Other materials richer in iron were therefore 
used. The results for one of these (yeast) are given in Chart II, 
The addition of 0.85 gm. of yeast, which contained 0.3 mg. of total 
iron, to the milk and copper diet produced a rate of hemoglobin 
formation much slower than that which was obtained with 0.3 
mg. of iron as ferric chloride. However, when 1.94 gm. of yeast 
were used, which supplied 0.3 mg. of available iron, determined by 
the dipyridyl method, the rate of hemoglobin formation was 
practically identical with 0.3 mg. of inorganic iron. Similar re- 
sults have been obtained with other food materials. This indi- 
cates that many of our foods contain a large proportion of iron 
which is not readily available to the animal. The available iron 
determined by the chemical method and the feeding experiments 
have shown good agreement for all the foods tested so far except 
egg yolk. ‘The dipyridyl method shows an availability of close to 
100 per cent of the total iron, but feeding trials indicate that egg 
yolk is a poor source of iron. We are own studying the cause of 
this discrepancy. 

The results obtained when the different iron compounds were 
used as a source of iron are given in Chart III. All of the com- 
pounds supply iron in readily utilizable form except glutamic 
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acid parahematin. 
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These salts also show a very high percentage 


of availability by the dipyridyl method. No available iron could 
be detected in glutamic acid parahematin by this method. Re- 
sults similar to those reported for yeast have been obtained with 
a commercial hematin compound. When 0.102 gm. of Merck’s 
hemogallol (hemoglobin deoxidized by parogallol), which contained 
0.3 mg. of total iron, was added to the milk-copper diet only 6 gm. 
of hemoglobin were produced in 6 weeks, but when 0.612 gm., 
which contained 0.3 mg. of avazlable iron by the dipyridyl method, 
was supplied the hemoglobin formation was comparable to that 


obtained with 0.3 mg. of iron from ferric chloride. 


The results 


amply substantiate the earlier work reported by Elvehjem (4) 


. rHb 
Pd 
Ferric Ferric Ferric Ferric 
chloride pyrophosphate glutamate hypophosphite . 
{ 2 ’ Glutamic acid 
wks parahemattin 
To furnish 0.5 mg.|Fe together with 0.05 mg] Cu daily 


Cuart III. The effect of different iron compounds, when fed with cop- 
‘per, on hemoglobin regeneration in anemic rats. 


and demonstrate that none of the hematin compounds are valu- 
able sources of iron for the body. 


DISCUSSION 


‘The conelusions reached from the work presented in this paper 


have established two facts. 


First, that the value of various foods 


as a source of iron cannot be based entirely upon their total iron 
Each food contains a portion of iron which is readily 
utilized for hemoglobin formation and a portion which is unavail- 


content. 


able and which may consist mainly of hematin compounds. 


Cald- 


well and Dennett (11), and Josephs (12) have observed in their 
clinical work that iron salts are far superior to food iron in the 


treatment of anemia. 


It appears that the available iron in foods 
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may be estimated with a fair degree of accuracy by simple chemi- 
cal methods. A comprehensive study of the available iron con- 
tent of foods would yield much valuable information. 

Secondly, that various forms of non-hematin iron, even insoluble 
salts, are much superior to hematin compounds (organic iron) as a 
source of iron for the body. Hematin compounds have no place 
in the group of therapeutic agents used for hypochromic anemias. 
This does not mean that all the available compounds are equally 
valuable. Other properties such as taste, toxicity, ete., are im- 
portant factors. We have found ferric pyrophosphate to possess 
many fine qualities. The iron in pyrophosphate is not only avail- 
able, but it is held in such firm combination that it does not pro- 
duce the astringent effects so characteristic of other iron salts. 
This salt may also be valuable in eases of anemia with achlorhy- 
dria because it is soluble in neutral solutions and may be more 
readily assimilated in the absence of hydrochlorie acid. 


SUMMARY 


1. The degree of availability of the iron in different types of 
iron salts and in a few food materials has been determined by the 
use of Hill’s dipyridy]l method and by animal feeding. 

2. Practically all the iron in ferric chloride, ferrie pyrophosphate, 
ferric glutamate, and ferric hypophosphite reacted with dipyri- 
dyl. These salts also supplied readily available iron for hemo- 
globin formation. 

3. The iron in glutamic acid parahematin failed to react with 
dipyridyl and showed very slight availability by animal feeding. 

4. 47 per cent of the total iron in samples of wheat and yeast and 
57 per cent of the total in a sample of oats was found to react with 
dipyridyl. leeding experiments showed an availability of the iron 
approximately equal to these values for oats and yeast. 

5. The dipyridyl method may be a valuable means of determin- 
ing available iron in foodstuffs. 
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THE RENAL THRESHOLD OF BILIRUBIN. II* 
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Shortly after the introduction of the van den Bergh method for 
the quantitative estimation of bilirubin in blood, data accumulated 
which tended to support the view that there is a renal threshold for 
this pigment. Solution of the problem was made difficult by the 
fact that the available tests for bilirubin in urine were relatively 
unsatisfactory. This accounted largely for the multiplicity of 
procedures (Gmelin, Rosenbach, Huppert-Cole, ete.), the underly- 
ing principle of which is oxidation of bilirubin, with the formation 
of a series of colored derivatives. 

It is now fairly well established that there are at least two types of 
bilirubin in human blood; one gives both the direct and indirect 
reactions with the van den Bergh reagent and is usually referred 
to as “‘direct”’ bilirubin; the other gives the indirect reaction only, 
and is known as “‘indirect” bilirubin. The exact chemical composi- 
tions of these pigments and their physiological significances are, 
us yet, imperfectly understood. As will presently be shown, how- 
ever, their identification is important in renal threshold studies. 
Thus, correlation of blood and urinary data led to the formulation 
of the following rules. In conditions in which the serum bilirubin 
is elevated but the serum gives the indirect reaction only, bili- 
rubinuria never occurs; whereas, when the serum gives the direct 
reaction, bilirubinuria occurs as soon as the bilirubin in the blood 
reaches about 4 units; below this level bilirubinuria is absent. In 
other words, the kidneys are impermeable to indirect bilirubin at 
all times; whereas, they are permeable to direct bilirubin when its 
concentration in the blood reaches the threshold value of 4 units. 


* This work was done with the aid of a grant from Mr. W. S. Fallis of 
Montreal, a Governor of this hospital. 
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These rules, first formulated by van den Bergh (1) and confirmed 
by McNee (2) and Lepehne (3), have been generally accepted and 
are quoted widely in the literature. That the renal threshold 
may vary is, however, suggested by the observations of Andrewes 
(4) and Retzlaff (5). Though the findings of these authors agree 
in general with van den Bergh’s rules, threshold values are re- 
corded both above and below 4 units. 

Opposed to the above observations are the findings of Schiff and 
Iliasberg (6). These workers reported a number of cases of 
eatarrhal Jaundice and one of complete congenital atresia of the 
bile ducts in which there was marked bilirubinuria, though the 
sera gave the indirect reaction only. They, therefore, concluded 
that bilirubinuria is not dependent upon the type of bilirubin in 
the blood. 

In 1930, Hunter (7) reported a very satisfactory method for the 
detection of bilirubin in urine. It is a diazo procedure and is very 
sensitive. Rabinowitch (8) has shown that bilirubin, when added 
to urine, can be detected in as high a dilution as 1 in 666,000. The 
test is also highly specific. This test, combined with the procedure 
to be described presently, has therefore made possible a more 
satisfactory method of determining whether bilirubin is or is not a 
threshold substance. 

In a previous study Rabinowitch (8), using Hunter’s test, ob- 
tained data which were not in accord with thosé previously re- 
ported; bilirubin was found in urine when the concentration of 
bilirubin in the blood was much below the threshold level; in some 
instances, bilirubinuria was found when the bilirubin content of 
the blood was normal. Because of these findings, Rabinowitch 
concluded that, “Other than the fact that bilirubin could not be 
detected in normal urine by the method employed, the combined 
data of this preliminary study fail to support the generally ac- 
cepted view that there is a renal threshold for bilirubin.”” It was 
also suggested that failure to detect bilirubin in normal urine may 
be due not to its absence, but to the limit of sensitivity of the test. 
Because of the chemical and physical differences between the two 
types of pigment in blood, Rabinowitch suggested that excretion 
might depend upon the type of pigment. If so, measurement. of 
total bilirubin in blood would afford no indieation of the amount 
available for excretion. In this study, no observations were made 
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with respect to the different types of bilirubin. The writer was, 
therefore, prompted to extend the investigation by correlating 
bilirubinuria with the type of bilirubin in the blood. 


Method of Investigation 


Selection of Cases—'T'wo types of cases were chosen; namely, (a) 
those in which bloods gave positive direct van den Bergh reactions 
with bilirubin values less than 4 units, and (b) those in which bloods 
gave negative direct reactions with bilirubin values of 1 unit or 
more. Bloods which gave a positive direct reaction with bilirubin 
values of more than 4 units were excluded, since bilirubinuria has 
been demonstrated repeatedly under these conditions. Bloods 
which gave a negative direct reaction and contained less than 1 
unit of bilirubin were also excluded, since such cases are normal, 
or nearly so, with respect to bile pigment metabolism. Absence 
of bilirubinuria has been demonstrated repeatedly in such cases. 

Rabinowitch (8) has shown that, with very few exceptions, the 
concentration of bilirubin in the blood neither rises nor falls very 
rapidly; it tends to remain constant for hours at least. This, the 
the writer found, applies also to the types of bilirubin. Renal 
threshold studies are thus simplified, since one problem in this 
type of work is the uncertainty that any given sample of urine 
corresponds to 2 given sample of blood. ‘The few exceptions to this 
rule, such as a rapid hemolytic process, were excluded from this 
investigation. 

Cases with polyuria were also excluded for, in spite of the 
sensitivity of Hunter’s test, it appears reasonable that, with highly 
dilute urines, small quantities of pigment might be overlooked. 
Apart from this precaution, no attempt was made to regulate urine 
volume by food or fluid intake. The writer has observed re- 
peatedly that the bilirubin content of the urine was remarkably 
constant in any one case in spite of variations of urine volume, 
provided the latter was below the polyuric level. 

A variety of clinical material was used. The cases included 
cirrhosis of the liver, chronic passive congestion of the liver due to 
heart failure, obstructive jaundice due to stone, catarrhal jaundice, 
pernicious anemia, jaundice due to Dbothriocephalus latus, 
“congenital” hyperbilirubinemia, and hepatitis associated with 
cholecystitis, severe infections, and vomiting of pregnancy. 
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Collection of Blood and Urine—In each case, the subject. voided 
1 to 2 hours prior to the collection of blood. ‘This specimen was 
discarded. Blood was then withdrawn from a vein and transferred 
to a tube containing a few crystals of sodium oxalate, care being 
taken to avoid hemolysis. A sample of urine was then obtained as 
soon as possible; the time varied between 15 minutes and 2 hours. 

Since bilirubin in blood and urine tends to deteriorate rapidly, 
all analyses were made not later than 45 minutes after the speci- 
mens were obtained. For purposes of uniformity, all analyses 
were made by the writer; no technical assistance was employed. 
As the procedures are colorimetric, test-tubes were carefully 
selected with respect to uniformity of thickness of wall, composi- 
tion of glass, and internal diameter. 

Examination of Urine—In Hunter’s test, special precautions are 
described for highly pigmented urines (7). For purposes of 
uniformity, however, these precautions were taken in all cases, 
regardless of the amount of pigment. 

Examination of Blood. Direct van den Bergh Reaction—1 ce. 

of plasma was placed in each of two tubes. ‘To one tube was added 
0.5 ec. of distilled water, and plasma and water were well mixed. 
This tube served as a control. To the other was added 0.5 ce. of 
freshly prepared diazo reagent, and plasma and reagent were well 
mixed. The appearance, in this tube, of the slightest trace of 
pink within 30 seconds was regarded as evidence of a biphasic 
direct reaction. If the pink color*developed later, the reaction 
was regarded as delayed direct. 
4 All bloods in this series gave either a biphasic or delayed direct 
reaction; the true negative direct and the so called immediate 
direct reactions were not observed. In accord with the generally 
accepted finterpretation, a biphasie direct reaction was taken to 
indicate the presence of the direct type of bilirubin and, when a 
delayed direct reaction only was observed, it was assumed that this 
type of bilirubin was absent. Assuming the intensity of color at 
the end of 30 seconds to be roughly proportional to concentration 
of_direct* bilirubin, the amounts of this type of bilirubin were 
recorded as (a) very faint trace, (b) trace, or (c) plus.! 

1No attempt was made to use color standards for more exact measure- 


ment. The value of such an estimation would be doubtful since it has never 
been proved that the intensity of color is directly proportional to concen- 
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Quantitative Estimation of Bilirubin-—In the majority of cases, 
simultaneous determinations were made by two methods; namely, 
the original van den Bergh procedure (9) and the Thannhauser 
and Andersen modification (10). The van den Bergh technique 
alone was used in a few cases only. All values are expressed in 
terms of the van den Bergh unit (1 unit = 0.4 mg. of bilirubin in 
100 cc. of plasma (11)). 

The writer made a large series of simultaneous determinations 
by these two methods (unpublished data). No significant differ- 
ences were found when the bilirubin content of the plasma was 
low? with one exception; namely, individuals who were previously 
deeply jaundiced and in whom the jaundice was subsiding. In 
such cases the original van den Bergh procedure was not quanti- 
tative. ‘There were losses of from 40 to 80 per cent of bilirubin, 
due to occlusion of pigment during protein precipitation. As 
cases of subsiding Jaundice have often been used in renal threshold 
studies, the importance of the more quantitative Thannhauser 
and Andersen procedure is obvious. When both methods were 
used and the values differed, the higher of the two was accepted as 
correct. 


DISCUSSION 


In this investigation 80 tests were made among forty-six 
individuals. ‘The cases were grouped according to the presence 
or absence of direct bilirubin in the blood: Group 1, direct. bili- 
rubin; Group 2, no direct bilirubin. 

Of 52 tests in which the plasma contained direct bilirubin 
(Group 1), bilirubin was found in the urine of forty-seven—an 
incidence of approximately 90 per cent. Bilirubinuria was 
apparently not dependent upon total bilirubin in blood (Table I). 


tration of direct bilirubin. Furthermore, accurate colorimetric comparison 
would have been difficult, since it would have been necessary to make the 
comparison exacily 30 seconds after addition of the diaz oreagent. If plasma 
and reagent are allowed to react for more than 30 seconds the color may be 
intensified owing to coupling of the diazo compound with indirect bilirubin. 
The terms very faint trace, trace, and plus, although approximations, are 
not entirely without value, in view of the fact that all readings were made 
by the one observer. 
2 The highest plasma bilirubin value in this series was 4.9 units. 
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The latter ranged between 0.3 and 3.8 units. In fourteen cases 
with bilirubinuria it was less than 1 unit, and in one case the 
blood contained 0.3 unit only. The findings, therefore, do not 
support the view that the direct type of bilirubin behaves as a 
threshold substance; the kidneys appear to be permeable to it 
regardless of its concentration in the blood. 


TABLE I 
Showing Absence of Relationship between Total Concentration of Bilirubin in 
Blood and Bilirubinuria in Cases in Which Plasma Contained 
Direct Bilirubin 


Bilirubin in urine 
vilimubin No. of cases Present 
Very faint 
trace Trace Plus 
units 
0.9 16 2 1 10 
TABLE II 


Showing Relationship between Concentration of Direct Bilirubin in Blood 
and Bilirubinuria 


Bilirubin in urine 
ee No. of cases Present 
Absent 

Very faint 7 4 1 2 (0) 

trace 
Trace 37 1 iY 26 | 5 
Plus 8 | 0 2 1 | 5 


It will be observed (Table I) that there is no relationship 
between total concentration of bilirubin in the blood and _bili- 
rubinuria. The data in Table II, however, clearly indicate that 
there is a relationship between concentration of dzrect bilirubin 
and bilirubinuria. Thus, of seven tests in which there were very 
faint traces only of direct bilirubin in the plasma, three only 
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showed bilirubinuria; of thirty-seven tests with traces, thirty-six 
showed bilirubinuria; and of the eight tests with large quantities 
(plus) of direct bilirubin, all showed bilirubin in the urine. 

That the kidneys may, at times, offer a barrier to the excretion 
of the direct type of bilirubin is suggested from failure to find 
bilirubin in the urine in five of the 52 tests mentioned above. 
The direct color reactions noted in these five cases were faint. In 
view, therefore, of the relationship between concentration of 
direct bilirubin and bilirubin in urine, it is highly probable that 
these urines did contain bilirubin, but failure to detect it was due 
to the limit of sensitivity of the test. 

Of twenty-eight tests in which no direct bilirubin was found in 
the blood (Group 2), bilirubinuria was detected in four instances 


TABLE III 
Cases in Which Plasma Contained No Direct Bilirubin 
Bilirubin in urine 
Plasma bilirubin No. of cases 
Absent Very faint trace 
units 
1.0-1.9 11 9 2 
2.0-2.9 9 9 0 
3.0-3.9 6 4 2 
4.0-4.9 2 2 0 


only, in spite of the fact that the bilirubin content of the plasma 
ranged between 1.0 and 4.9 units (Table III). This group of 
tests suggests that, in general, the kidneys are impermeable to the 
indirect type of bilirubin. This finding agrees with the prevalent 
view, although there are exceptions. The latter will be dealt 
with presently. In view of these data, failure to find bilirubin in 
the urine of normal individuals appears to be due, not to lack of 
sensitivity of the test as suggested by Rabinowitch (8), but to true 
absence of bilirubin in urine, because of absence of direct bilirubin 
in the blood. 

Very faint traces of bilirubin were found in four urines (Table 
III) in spite of no direct bilirubin in the blood. This may have 
been due to a number of conditions. First, it may be possible that 
the kidneys are occasionally permeable to indirect bilirubin. It is 
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difficult, a priori, to conceive of a living membrane being com- 
pletely impermeable to any substance at all times. Secondly, 
the usual interpretation of the direct van den Bergh reaction is 
somewhat arbitrary. For example, it is assumed that the develop- 
ment of a pink color within 30 seconds indicates the direct type of 
bilirubin. It may here be observed that if 60 seconds had been 
chosen arbitrarily as the proper time interval, instead of 30 
seconds, at least two of the four cases of Group 2 showing bili- 
rubinuria would have been included in Group 1. Lastly, one 
must consider the possibility of desquamation of epithelial cells 
containing bilirubin. Hyperbilirubinemia leads to deposition of 
bile pigment in the body tissues, including the renal tubular 
epithelium and epithelium lining the urinary tract in general. 
Desquamation of these cells is taking place continuously. The 
oecurrence in the urine of such bilirubin-containing cells has been 
described in detail by Haessler, Rous, and Broun (12). Dis- 
integration of such cells may account for the very faint traces of 
bilirubin found in the urine in five tests, in spite of the fact that 
the blood contained no direct bilirubin. That desquamation of 
bilirubin-containing cells does not explain the bilirubinuria in the 90 
per cent of tests of Group 1 is indicated by failure to find bilirubin 
in the urine in twenty-four of the twenty-eight tests in which the 
plasma contained no direct bilirubin, and the finding of no more 
than very faint traces in the remaining four. 


SUMMARY 


Simultaneous examinations of blood and urine for bilirubin 
were made in a variety of clinical conditions associated with 
disturbance of bile pigment metabolism. 

Hunter’s diazo test was used to detect bilirubin in the urine. 

Urinary findings were correlated not only with total but also 
with the type of bilirubin in the blood. 

With few exceptions, bilirubin was found in the urine whenever 
the blood contained the direct type of bilirubin, regardless of 
concentration. 

With few exceptions, no bilirubin was found in the urine, 
when the blood contained indirect bilirubin only, regardless of 
concentration. 

Explanations are suggested to account for the exceptional 
findings. 
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Assuming the explanations to be correct, there is no evidence 
that direct bilirubin behaves as a threshold substance; the kidneys 
offer no barrier to its excretion, regardless of its concentration in 


the blood. 
The data, in general, agree with the prevalent view that the 
kidneys are impermeable to the excretion of indirect bilirubin. 
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THE ABSORPTION SPECTRA OF GLYCINE SOLUTIONS 
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This study was undertaken in an effort to throw further light on 
the structure of the glycine molecule in various solutions. The 
absorption spectra of glycine in water, HCl, and NaOH solutions 
were obtained, and determinations of the molecular weight of the 
substance at different concentrations were made by the freezing 
point method. For some of the solutions these determinations 
were made before and after irradiation, and the results correlated 
with the interpretations of the absorption spectra. 

The theory of the zwitter ion formation of amino acids, first pre- 
sented by Adams (1), and later developed by Bjerrum (2), is now 
generally accepted, and represents glycine as NH3;*+-CH2-COO-. 
This neutral ion does not readily dissociate in solutions, but may 
unite with the ions of the solvent to form anions and cations or 
several of the zwitter ions may unite to form polymers. 

From a study of the molecular weights of glycine at high con- 
centrations, as determined by the freezing point method, Lewis 
(3) has concluded that the osmotic abnormalities noted in the 
behavior of glycine are not to be ascribed to forces of the “inter- 
ionic attraction” type, fundamental in the Debye-Hiickel theory, 
but to polymerization of the molecules. Lewis assumed that the 
polymer consists of 2 zwitter ions, and with the most concen- 
trated solution, approximately 2 mM, polymerization of about 15 per 
cent was obtained. A similar study has been made by Frankel 
(4), whose values for glycine are somewhat higher than those 
obtained by Lewis. 

Various studies of the absorption spectra of glycine and its 
cobalt and copper salts have been made (5-10), but until the 
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present time the complete absorption curves for glycine in water, 
hydrochloric acid, and sodium hydroxide solutions have not been 
obtained. 

lor the spectrographic study the same apparatus was used as 
in the previous investigations of two of the authors on the ab- 
sorption spectra of amino acids (11, 12). In this study values for 
the molecular absorption coefficient have been obtained from 0.2 
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hic. 1. Molecular absorption coefficients, A, plotted against the fre- 
quency, in wave numbers of the radiation absorbed by aqueous, HCl, and 
NaQH solutions of glycine. 


to 2000 for light in the wave-length range 6000 to 1850 A. The 
three primary solutions were 0.10 mM glycine in water, in 0.117 m 
HC! solution, and in 0.10 mM NaOH solution; from the primary 
solutions dilutions were made up to 0.0001 m glycine. The gly- 
cine used was obtained from the Eastman Kodak Company and 
tested by us for its purity by measuring its melting point. 

lig. 1 shows the absorption curves deduced from the spectro- 
grams obtained with the three sets of solutions; the lower part of 


| 
0000 
XUM 


Anslow, Foster, and Klingler 83 


these curves is given in detail in Fig. 2. They show that glycine 
totally absorbs ultra-violet light of short wave-length, an effect. 
already reported for other amino acids (12), the curves being ex- 
actly similar to those obtained for cysteine and alanine in HC! 
solutions, and shifted toward the shorter wave-length range. In 
the previous study it was shown that irradiation of the HCl solu- 
tions of amino acids by light of these wave-lengths dissociated the 
carboxyl group by separating the H* ion from the rest of the molec- 


100 G H,0 solution 
A HC! solution 
© NaOH solution 


60 


5000 30000 40000. 50000 
Wave Numbers per cm. 


Via. 2. Lower part of Fig. 1 in greater detail 


ular ion. In giving a similar interpretation of the curves now 
obtained for the glycine solutions, use will be made of the zwitter 
ion theory of the action of glycine in these solutions. In all of 
them there may be the zwitter ion, NH3;+-CH2:COO-, represented 
in the discussion by *G~, unaffected by the ions of the solvent and 
remaining a neutral ion with some polymerization, or there may 
be the ions formed by combining with the ions of the solvent. 
In water we may have the cation NH3t-CH2-COOH, to be 
represented by +GH, balanced by the OH™ ion, or the anion 


30 A 
| K 
| A 
| @ 
| 
KUM 


84 Absorption Spectra of Glycine 


NH3;0H-CH2-COO- balanced by the H+ ion. Similarly, in HC] 
solutions there may exist the cation, *GH balanced by the Cl~ ion, 
or the anion G~C] balanced by the H+ ion; and in the NaOH 
solutions there may be the cation NH3+-CH.-COONa, (*GNa), or 
the anion G~OH, balanced by the OH’ and Nat? ions respectively. 

From a study of Fig. 1 it is noted that the absorption spectra 
of the aqueous and hydrochloric acid solutions are identical, well 
within experimental error. This indicates that the glycine ion 
which absorbs the radiation is the same in both solutions, and must 
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Fic. 3. The dissociation frequency of glycine, point 1, plotted as a func- 
tion of the reciprocal of the square root of the molecular weight, obeys the 
linear relation given by two of the authors (12) for butyric acid, alanine, 
succinic acid, cysteine, aspartie acid, glutaminie acid, and cysteine chlo- 
ride, points 2 to 8. 


be the cation, *GH. If the glycine anion were responsible for the 
absorption, there would not be the same curve for the two solu 
tions, since the G~C] anion is heavier than the G OH ion, and the 
absorption curve of the former would be shifted toward the red 
end of the spectrum with respect to that of the latter (12, 13). 
The absence of any effect of the glycine anions on the absorption 
spectra would indicate that these ions are not appreciably stable 
in the solutions. 

When the frequency, at which total dissociation is produced in 
the aqueous and hydrochloric acid solutions, is plotted against 
the reciprocal of the square root of the molecular weight of gly- 
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cine, it is found to obey the same linear relation between these 
quantities as was found by two of the authors (12) for other amino 
acids, as shown in Fig. 3. This means that the frequency at which 
total dissociation occurs is the sum of the natural frequency of 
vibration of the ions, v,, and the electronic frequency, ». The 
latter is the frequency of the energy which separates the electron of 
hydrogen from its nucleus, and is equal to the limiting frequency 
of the Balmer series of hydrogen. 

If the glycine cation, tGNa, exists in the sodium hydroxide 
solution, the spectrum which indicates that irradiation has sepa- 
rated the Na+ ion from the glycine zwitter ion should be displaced 
from that of the other two solutions according to the difference 
between the limiting frequency of the sharp and diffuse series of 
sodium and that of the hydrogen series. ‘The curves indicate 
that this displacement does occur. ‘The frequencies at which total 
dissociation should occur in these solutions may be calculated by 
the use of the equation given in the previous paper (12) 


where 7 and %, are the wave numbers corresponding to the fre- 
quencies v and »y,., ¢ is the velocity of light, f the force of resti- 
tution on the molecule, and m its mass. ‘The theoretical and 
experimental values of these frequencies for the three solutions are 
given below. 


Solution | Pn De Calculated Observed 

| cmt em} cmt em 
| 24471 27419 | 51890 51813 
| 24471 24476 48947 48972 


From the observed frequencies for total dissociation the energy 
of dissociation in ergs and volts and the heat of dissociation in 
calories have been calculated and are as follows: 


Solution | Energy of dissociation | Heat of dissocia- 


tion 

ergs | volts | calories 
| 10.20 | 6.413 146, 860 
10.18 | 6.403 | 146 , 630 


9.62 | 6.052 | 138 ,590 


| 
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To verify our conclusions that irradiation dissociated the gly- 
cine cations in these solutions, the lowering of the freezing point 
of some of the solutions of higher concentration was measured be- 
fore and after irradiation. Since only relative values were needed 
in the interpretation, the simple Beckmann method was used for 
these determinations. Since the results seem to be of interest, a 
more complete study of these effects on various amino acids is 
being conducted by one of the authors by the equilibrium method, 
temperature differences being measured with a thermocouple and 
concentrations by conductivity determinations; the method is 
based on the work of Adams (14) and others. It is hoped that 
by correlating the results with a study of the absorption spectra of 
these acids valuable information will be obtained concerning the 
effect of irradiation by light of different. wave-length ranges on 
amino acid solutions. 

The present results for glycine, obtained by the less accurate 
Beckmann method, have been interpreted by a method similar 
to that used by the authors in their work with cystine (12). 

The van’t Hoff factor, 7, was calculated from the equation 


i = 6/1.858 


where 6 is the observed lowering of the freezing point and 1.858 m 
is the theoretical lowering for molar concentration, M. In these 
cases, 2 gives the number of gm. particles formed by the solvent 
and the glycine in the solution per gm. molecule of glycine. 

If we represent by y the ratio of the molar concentration of the 
HCl or NaOH in the solvent to that of the glycine, there will be 
2y of these ions to each glycine zwitter ion in the solution, if the 
HCl of NaOH molecules in the solvent are totally dissociated. 

The possible combinations of these ions which may occur in the 
HCl solution are 


1. (G7 + yH* + yCl-, preducing 2y + 1 particles 
2. (a) *GH + (y — 1)H* + yCl-, producing 2y particles, or 
(b) G~Cl + + (y — 1)CI-, 2y 


Similar equations can be written to represent the possible com- 
binations in the NaOH solution. 

In Table I are given the values of 7 and 2y obtained when gly- 
cine is dissolved in HC] and NaOH solutions of about the same 
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concentration as that of the glycine. The lowering of the freezing 
points of the solvent solutions was first measured and the values 
of z« for these solutions calculated. The same was done with 
samples of the glycine solutions, both before and after irradiation. 
The values obtained for 7 in both the HC] and NaOH solutions 
before irradiation show that either combination (2, a) or (2, 6) has 
occurred. Since the absorption spectra have indicated that the 
glycine cations, *GH or *+GNa, are affected by the irradiation, 
combination (2, a) will be assumed in the following discussion. 

If irradiation completely separates the glycine zwitter ions from 
the ions of the solvent, an estimate of the number of gm. particles 
of glycine, 7g, per gm. molecule in the solution can be obtained by 


TABLE I 
Number of Gm. Particles per Gm. Molecule of Glycine in HCl and NaOH 
Solutions 
Solution a 2y of 
solveat 
0.10 m G in above before irradiation....) 0.430) 2.312, 2.340 
Same after irradiation.................. 0.468 2.519 2 287) 0.232 
0.10 “ G in above before irradiation...| 0.370) 1.991) 2.000 
Same after irradiation.................. 0.351) 1.889 1.727' 0.162 


subtracting from the van’t Hoff factor for these solutions the values 
of the number of gm. particles of the solvent. The latter quan- 
tity would equal the product of y and the van’t Hoff factor for the 
solvent, provided the degree of dissociation and the activity of 
the solvent are not materially affected by the glycine zwitter ions. 
If no polymerization of the zwitter ions had occurred in the irra- 
diated solutions, the value of 7g would have been unity. If other 
bonds within the glycine molecule are broken by the absorption of 
energy from light of the wave-length range used in the experiment, 
the value of 7g would have increased by corresponding units. In 
the solutions tested this value is much less than unity, and we may 
conclude that only one bond, probably that under discussion, has 
been broken and that this has been followed by polymerization. 
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The numerical values for 7g indicate that at least 4 molecules 
have combined to form each polymer. 

Since the aqueous and hydrochloric acid solutions give the same 
absorption spectra, it is probable that irradiation produces the same 
effect on the glycine cations in these solutions. The lowering of 
the freezing points of different concentrations of glycine in water 
was measured before and after irradiation, and 7, and 7, the cor- 
responding values of the number of gm. particles per gm. mole- 
cule of glycine, were calculated. ‘The difference between these 
values is given by 7, in the following tabulation. 


Molar concen- | 


tration per kilo | | | | 1G 
of water | | | | 
| | | | | 
0.0100 | 0.029 | 1.560 | 0.037 | 1.991 0.431 
0.1004 | 0.195 | 1 045 | 0.196 | 1.051 0.006 
1.617 | 2.679 S891 2. 450 | 0.815 —(0.076 


Since the value of 7, was in no case equal to unity, it is apparent 
that polymerization must have occurred to a large extent in these 
solutions but in varying amounts, the dilute solutions favoring the 
existence of the single zwitter ion more than those of higher con- 
centration. In the latter solutions the polymerization has de- 
creased the activity of the H+ and OH” ions in the solution, as 
was the case with the activity of the Nat and OH~ ions in the 
NaOH solution. | 

The marked decrease in the value of 7 in these solutions before 
irradiation with the increase of concentration seems to warrant 
the inclusion in this paper of the values we obtained for the freez- 
ing point lowering for a number of concentrations, our results com- 
paring favorably with those obtained by Lewis (3) and by Frankel 
(4). Our concentrations were originally measured in terms of 
molar concentration per liter of solution at about 20° and were 
used by Cann (15) in calculating the activity coefficients of gly- 
cine in water, the readings having been obtained by her for these 
calculations without our authorization. The present authors dis- 
pute the validity of her results for the following reasons.  Tirst, 
the concentrations should have been in molar concentration per 
kilo of water. In the second place, in her calculation of the Lewis 
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and Randall function, j, she assumed the value 2 for the number of 
ions at infinite dilution. This is incorrect since, as Scatchard and 
Kirkwood (16) have pointed out, glycine, even in dilute solutions, 
never behaves as 2 independent ions, its behavior becoming ap- 
proximately that of a single ion as the concentration increases. 
Again, in calculating a and @ from the graph of log 7 plotted against 
log m, concentrations less than 0.01 mM, our smallest concentra- 
tion, should have been used (17). Unfortunately, the percentage 
of error in the freezing point lowering for 0.01 mM concentration 
which must have been used by her for this calculation was large, 
as is always the ease for freezing points at small concentrations 
taken with the Beckmann method. 


TABLE II 
Freezing Point Lowerings and Apparent Molecular Weights for Glycine in 
Aqueous Solution 


0.0100 0.029 + 0.0019 48.6 
0.1004 0.195 + 0.0038 71.9 
0.212 0.389 + 0.0013 76.1 
0.394 0.710 + 0.0021 77.2 
0.589 1.035 + 0.0032 79.2 
0.796 1.382 + 0.0026 80.3 
1.036 1.769 + 0.0040 81.7 
1.274 2.121 + 0.0120 83.8 
1.617 2.679 + 0.0064 84.2 


In order to reduce the concentrations per liter of solution to 
concentrations per kilo of water, the weights of a series of such 
solutions, containing known weights of glycine, have been de- 
termined and the latter concentration calculated. The ratio of 
the concentration per kilo of water to the concentration per liter 
of solution has been plotted against the latter concentration and 
the graph, Fig. 4, used in making the reductions. The results, 
with the corresponding freezing point lowerings, are given in 
Table II. From ten to twenty sets of readings were taken in 
determining the freezing point of each solution, and for each aver- 
age reading we have calculated the probable error. The corre- 
sponding apparent molecular weights, M, have been calculated from 
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the usual formula, M@ = 1.858 X gm. of solute per kilo of water/#. 
A comparison of these results with those obtained by Lewis and by 
lrankel is shown in Fig. 5, where the molecular weights have been 
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Vig. 4. The ratio of the molar concentration of glycine per kilo of water 
to that per liter of solution, plotted against the latter quantity. 
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Fic. 5. Apparent molecular weight of glycine plotted as a function of 
the molar concentration per kilo of water. 


plotted against the molar concentration per kilo of water and the 
curve drawn through our values, which agree approximately with 
those of Lewis and are slightly lower than those of Frankel. 

The low values obtained for M in the dilute solutions indicate 
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that in these solutions the glycine zwitter ions have combined with 
ions from the water, and that the apparent molecular weight is the 
average of the weight of the resulting ions and the H+ and OH~ 
ions which these combinations have left free in the solution. 
This interpretation agrees with that given for the absorption spec- 
trum obtained with solutions of similar concentrations. On the 
other hand, in solutions of high concentration polymerization 
occurs, which, as Lewis has pointed out, increases steadily with 
the concentration. 


SUMMARY 


The joint interpretations of the absorption spectra of glycine 
and the lowerings of the freezing points of solutions at different 
concentrations, before and after irradiation, lead to the following 
conclusions. 

1. The glycine cation exists in aqueous and hydrochloric acid 
solutions in the same form, NH3+-CHe-COOH. The frequency at 
which dissociation occurs in the carboxyl group has been deter- 
mined, and glycine is found to obey the linear relationship which 
other amino acids follow. This indicates that dissociation con- 
sists in the separation of the hydrogen from the molecular zwitter 
ion. 

2. The glycine cation exists in sodium hydroxide as NH;+t-- 
CH.-COONa. Dissociation in this solution is found to take place 
at a frequency which differs from the dissociation frequency in 
aqueous and hydrochloric acid solutions by an amount equal to 
the difference between the limiting frequency of the Balmer series 
of hydrogen and that of the corresponding series of sodium. In 
this case, dissociation consists in the separation of the sodium ion 
from the zwitter ion. 

3. The energy of dissociation in ergs and volts and the heat. of 
dissociation in calories for these dissociations have been caleulated. 

4. With increasing concentration of the glycine solution there is 
increased polymerization. 

5. Irradiation of solutions with ultra-violet light causes in- 
ereased polymerization. ‘This strengthens the conclusion that 
irradiation dissociates the molecular ion at the carboxyl group. 

6. All the evidence presented confirms the theory of the zwitter 
ion structure for the glycine molecule. 
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In 1931, we gave a preliminary report of the occurrence of fatty 
livers in rats fed diets containing dried, whole liver (1). This 
investigation has been extended since in an endeavor to determine 
what substance is responsible for this abnormal condition (2). We 
shall record some of these experiments, as well as others dealing 
with the important rédle of cholesterol in the production of fatty 
livers and the possible inhibition of the deposition of fat by 
lecithin. 


Plan of Experiments 


Young rats of both sexes were placed on the experimental diets 
when about 30 days old. The animals were kept in individual 
cages. At the end of 30 days some of the animals were sacrificed 
and others at the end of 60 days. The rats, after having been 
without food for about 20 hours, were anesthetized. with sodium 
amytal, the thorax opened, and blood removed from the heart. 
The liver was removed and weighed and a piece of the tissue was 
fixed in 10 per cent formalin for histological examination. 


Methods 


Liver—The main portion of the liver was transferred to a clock 
glass and cut fine with scissors and then placed in a vacuum drying 
oven at a temperature of 48°. After about 20 hours, the tissue 
was ground in a mortar and then returned to the oven until it was 
completely dry. It was then transferred to a 100 cc. volumetric 
flask and about 75 cc. of 95 per cent alcohol were added. If the 
weight of the fresh liver was more than 5 gm., twice as much of 
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the solvents was used. The alcohol was heated to boiling in a 
water bath and kept boiling for a few minutes. I¢ther, in small 
portions, was then added to the boiling mixture nearly to the 
mark. ‘The liquid was cooled, made up to volume with ether, and 
filtered. 0.5 to 2.0 ce. of the extract were evaporated to dryness 
in a 50 ee. flask. The residue was extracted with 30 ec. of petro- 
leum ether in small portions and the extract poured into a 125 ce. 
glass-stoppered flask. The ether was evaporated and the fat 
content of the residue was determined by the method of Staub (3). 

The lecithin was determined by the method of Fiske and 
Subbarow (4). Cholesterol was estimated in portions of the 
alcohol-ether extract which was evaporated in small beakers and 
extracted in the cold with 20 cc. of acetone in small quantities. 
The acetone was evaporated and the residue extracted with chloro- 
form. The cholesterol was determined by the method of Sackett 
(5). A red filter was used to overcome the brown color sometimes 
found in the extracts. 

Llood—If sufficient blood or plasma was available, it was 
extracted according to Bloor (6); otherwise the extraction was 
made by the method of Sackett (5). The determination of cho- 
lesterol was performed by the latter method. ‘Total lipids were 
estimated by the method of Katsura and Hatakeyama (7). 


Results 


Diets Containing Whole Liver—Our observation of the presence 
of an abnormal amount of fat in the livers of rats fed liver diets was 
first made when we were attempting to determine the stages of 
development of chronic nephritis. It was found that the livers of 
rats which had eaten a diet containing 75 per cent dried, whole 
liver were invariably loaded with fat. Chemical analysis showed 
them to contain large amounts of cholesterol and fat. The in- 
creased quantities of cholesterol were found to be chiefly in the 
ester fraction. The data covering this diet are given under 
liver Diet I (Table I). Table I reveals also the rate of develop- 
ment of this condition when rats were changed from a diet which 
does not produce fatty livers to liver Diet I. Evidence of fatty 
deposition was apparent as early as 7 days and by 28 days the 
accumulation of fat was well marked. Records of the rate of 
deposition of fat when rats were fed entirely with uncooked liver 
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are given. An increase in the cholesterol content was apparent 
after 7 days. The fat values were not significantly increased 
until the animals had eaten this diet for 28 days. We believe that 
these experiments prove that this tissue contains one or more 
substances which lead to the development of fatty livers when it is 
eaten. They also show that this substance is naturally present 
in the liver and is not a by-product resulting from the drying of 
the organ. 

The values given in Table I for liver Diet X XI indicate that the 
addition of 2 per cent egg lecithin to liver Diet I had no effect in 
reducing the amount of liver fat. The data for liver Diet XX 
show that the addition of 0.1 per cent of desiccated thyroid did not 
prevent the deposition of liver fat even though the body fat of the 
rats was noticeably reduced. ‘The figures for liver Diet VII prove 
that extraction of dried, whole liver with hot 95 per cent aleohol 
removed the substance that is responsible for the development of 
fatty livers. Feeding the residue from the alcoholic extraction 
resulted in livers containing normal amounts of cholesterol and fat. 

The results presented for liver Diet V prove that a deficiency of 
carbohydrates in liver Diet I was not responsible for the deposition 
of fat. When 31.5 per cent of corn-starch was added to this 
diet and the liver was reduced from 75 to 43.4 per cent, fatty livers 
were still found. The addition of 2 per cent egg lecithin to the 
latter diet did not prevent the fatty condition (liver Diet XXII). 

Diets Containing Liver Fractions. A. Residue from Aqueous 
Extraction'—Table II shows that the feeding of a liver residue 
remaining after an aqueous extraction did not produce fatty livers. 
This indicates either that the responsible material had been re- 
moved or that some kind of a balance or change had occurred 
which opposed the effect of this substance (liver Diet IV). The 
addition of 1 per cent cholesterol to this diet resulted in a marked 
increase in the cholesterol content but there was only a moderate 
increase in total fat (liver Diet XVII). When the diet contained 1 
per cent cholesterol and 2 per cent egg lecithin, the results were 
indistinguishable from those obtained with cholesterol alone 
(liver Diet XXIII). 


1The residue remaining after the extraction of the pernicious anemia 
fraction. We are indebted to Eli Lilly and Company for generously provid- 
ing large amounts of this material. 
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TABLE I 
Fat Content of Livers 
| | Sar | Diet 
per cent | per cent 

202 59 2.67 | 11.85 | Liver, I 

203 59 2.77 | 12.59 Beef liver, dried 75 

204 59 3.66 | 12.76 Lard 16 

205 64 3.20 | 13.69 Yeast, dried 5 

206 64 2.94 | 13.08 Cod liver oil 3 

207 64 2.14 | 12.63 Salt mixturet 1 

286 7 1.25 9.38 | Liver, It 

287 7 1.43 9.14 

288 14 0.96 8.65 

289 14 1.76 9.22 

290 21 2.07 | 11.67 

291 21 1.31 9.63 

341 28 3.18 | 13.67 

342 28 3.26 | 13.76 

370 7 1.03 7.59 | Raw liver 

371 7 1.00 7.22 

373 14 1.15 8.34 

374 14 1.34 7.91 

372 21 1.91 8.94 

375 21 1.52 9.35 

376 28 1.59 | 10.71 

377 28 1.63 | 11.07 

521 32 2.35 | 10.03 | Liver, XXI 

525 32 3.33 | 14.22 Beef liver, dried 75 

522 41 2.72 | 10.43 Lard 14 

523 41 1.99 9.23 Yeast, dried 5 

524 41 2.63 | 11.97 Cod liver oil 3 
Salt mixture 1 
Lecithin 2 

508 63 3.72 | 13.75 | Liver, XX 

509 63 2.19 | 12.66 Beef liver, dried 75 

510 63 3.36 | 12.86 Lard 15 

512 63 2.48 | 14.21 Yeast, dried 5 
Cod liver oil 3 
Salt mixture 1 
Calcium carbonate 0.9 
Thyroid, desiccated 0.1 

224 58 0.44 6.37 | Liver, VII 

225 58 0.31 6.29 Liver residue, alcoholic extraction 63 

226 58 0.39 6.69 Lard 28 

227 62 0.46 7.09 Yeast, dried 5 

228 62 0.68 8.57 Cod liver oil 3 

229 62 0.29 7.00 Salt mixture 1 


| 

| 
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TABLE I—Concluded 


per cent | per cent 
346 62 3.41 | 13.10 | Liver, V 
347 62 3.20 | 15.58 Beef liver, dried 43.4 
348 62 4.34 | 16.77 Lard 15.0 
349 62 1.70 | 11.01 Yeast, dried 5.0 
Cod liver oil 3.0 
Corn-starch 31.5 
Salt mixture 1.6 
Calcium carbonate 0.5 
526 32 2.03 9.97 | Liver, XXII 
530 33 3.83 | 15.82 Beef liver, dried 43.4 
527 50 4.13 | 15.20 Lard 13.0 
528 50 4.43 , 15.81 Yeast, dried 5.0 
529 50 3.39 | 15.82 Cod liver oil 3.0 
Corn-starch 31.5 
Salt mixture 1.6 
| | Calcium carbonate 0.5 
| | Lecithin 2.0 


* The values for fat include cholesterol and lecithin. This is true of 
all the tables. 

+t The salt mixture used was that of Osborne and Mendel (Osborne, T. B., 
and Mendel, L. B., J. Biol. Chem., 37, 572 (1919)). 

t These results were obtained with liver Diet I after the rats had been 
changed from a diet which does not produce fatty livers. 


The feeding of an alcoholic extract of whole, dried liver together 
with the residue from the aqueous extraction did not have a 
marked effect in increasing the fat content of the livers (liver 
Diet XVI). This alcoholic extract contained cholesterol, lecithin, 
and fat. 

B. 70 Per Cent Alcohol Precipitate of an Aqueous Extract?— 
The values for liver Diet XIII in Table III show that when this 
liver fraction was fed at the same level as dried, whole liver, fatty 
livers did not occur. In fact these livers might be described as 
“lean.” The addition of 1 per cent cholesterol to this diet gave 
rise to very fat livers (liver Diet XVIII). A further addition of 2 


2 This material is Liver Extract No. 55 without iron generously supplied 
by Eli Lilly and Company. 


Rat | Days Choles- | 
No. | on diet terol Fat Diet 
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TABLE II 
Fat Content of Livers 

~ Diet 

per cent | percent 
212 61 0.49 6.58 | Liver, IV 
213 61 0.47 5.99 Liver residue, aqueous extraction 75 
214 61 0.36 5.52 Lard 15 
215 62 0.33 4.39 Yeast, dried 5 
216 62 0.45 6.02 Cod liver oil 3 
217 62 0.51 6.06 Salt mixture* 1 
308 61 1.74 | 10.64 Calcium carbonate 1 
316 61 1.20 9.84 
320 61 1.08 7.65 
323 61 0.78 7.92 
410 31 1.05 7.99 | Liver, XVII 
411 32 1.03 8.09 Liver residue, aqueous extraction 74 
394 61 2.11 12.38 Lard 15 
409 61 1.72 | 11.16 Yeast, dried 5 
583 60 1.05 6.64 Cod liver oil 3 
584 60 1.88 9.16 Salt mixture 1 
585 60 1.50 7.89 Calcium carbonate 1 
586 60 1.70 8.62 Cholesterol 1 
587 60 1.33 7.55 
588 61 1.41 8.47 
589 61 2.64 | 10.47 
531 33 1.29 7.99 | Liver, XXIII 
535 33 1.88 | 10.32 Liver residue, aqueous extraction 74 
532 61 1.66 7.76 Lard 13 
533 61 0.71 8.03 Yeast, dried 5 
534 61 0.89 8.32 Cod liver oil 3 
590 61 1.77 8.35 Salt mixture 1 
591 61 2.06 9.09 Calcium carbonate 1 
592 61 2.05 8.28 Cholesterol 1 
593 62 1.16 7.82 Lecithin 2 
594 62 2.29 | 10.12 
595 62 2.40 | 11.62 
596 62 3.17 | 13.28 
387 34 0.70 6.95 | Liver, XVI 
391 31 1.47 9.98 Liver residue from aqueous extrac- 
393 61 0.94 8.62 tion plus alcoholic extract of 
408 60 0.96 7.46 whole liver plus lard 


* The salt mixture used was that of Osborne and Mendel (Osborne, T. B., 
and Mendel, L. B., 7. Biol. Chem., 37, 572 (1919)). 
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TABLE IIl 
Fat Content of Livers 


R Davs |Choles- Liver weight 

per cent|per cent per cent 
362 20 | 0.42 | 5.38 3.31 Liver, XIII 
363 20 | 0.45 | 5.65 3.42 70 per cent alcoholic ppt. of 
364 63 | 0.44! 6.29 2.79 aqueous extract of liver 75 
365 63 | 0.54] 6.34 2.80 Lard 16 
366 63 | 0.30 | 6.90 3.04 Yeast, dried 5 
367 64 | 0.30! 5.69 3.05 Cod liver oil 3 
368 64 | 0.28} 5.88 3.17 Calcium carbonate 1 


413 | 32 |5.58117.73| 4.09 | Liver, XVIII 


414 32 | 5.62 | 16.37 3.94 70 per cent alcoholic ppt. of 
393 62 | 7.58 | 22.89 3.77 aqueous extract of liver 74 
412 61 9.57 | 23.45 4.25 Lard 16 
Yeast, dried 5 
Cod liver oil 3 
Calcium carbonate 1 
Cholesterol 
541 30 | 5.68 | 17.60 4.99 Liver, XXIV 
545 30 | 5.66 | 18.27 5.22 70 per cent alcoholic ppt. of 
542 63 | 9.41 | 24.81 4.67 aqueous extract of liver 75 
543 63 | 7.79 | 23.58 4.44 Lard 13 
544 63 | 6.52 | 21.01 4.12 Yeast, dried 5 
Cod liver oil 3 
Calcium carbonate 1 
Cholesterol ] 
Lecithin 2 
573 32 | 3.48 | 10.78 4.60 Liver, XXV 
577 32 | 4.44 | 12.38 5.01 70 per cent alcoholic ppt. of 
574 60 | 3.29 | 16.81 4.77 aqueous extract of liver 75 
575 60 1.96 | 13.95 4.34 Yeast, dried 5 
576 60 | 1.78 | 13.23 4.38 Cod liver oil 3 
Calcium carbonate 1 
Egg oil* 16 


* The fat of egg yolk treated with acetone to remove lecithin. 


per cent egg lecithin to the latter diet did not prevent the deposi- 
tion of fat (liver Diet XXIV). 

The substitution of 16 per cent of egg oil containing cholesterol 
but without lecithin for an equivalent amount of lard resulted in 
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markedly fatty livers (liver Diet XXV). It is interesting to 
compare these results with those found for egg Diet IV (Table 
IV). In the latter case, the egg oil produced small increases in 


TABLE IV 
Fat Content of Livers 


Rat No. |Days on diet} Cholesterol Fat 

per cent per cent 
450 30 0.51 7.56 
452 30 0.96 9.58 
451 62 0.97 10.22 
453 62 0.84 10.23 
454 62 1.52 12.17 
455 30 1.16 9.36 
457 30 1.89 12.38 
456 63 2.31 9.11 
458 63 1.55 12.79 
459 63 2.21 17.90 
563 31 0.28 5.25 
567 32 0.25 4.4] 
564 59 0.22 4.45 
565 59 0.23 4.22 
566 59 0.26 4.34 
558 31 30 6.70 
562 31 1.45 6.69 
559 59 1.60 7.53 
560 59 0.54 5.26 
561 59 0.29 4.36 
568 32 3.78 9.91 
572 32 2.58 9.24 
969 60 2.73 9.36 
570 60 1.54 6.64 
571 60 2.60 7.69 


Diet 


| 
| 


Kgg, I 
Cooked egg 


Kgg, I] 
Cooked whole egg 


Egg, II] 
Egg white, dried = 75 
Yeast, dried 5 
Cod liver oil 3 
Salt mixture* 1 
Calcium carbonate 1 
Lard 15 

Egg, IV 
Egg white, dried = 75 
Yeast, dried 5 
Cod liver oil 3 
Salt mixture 1 
Calcium carbonate 1 
Egg oilt 15 


Egg, V 


Egg white, dried 74.35 
Yeast, dried 
Cod liver oil 3.0 
Salt mixture 1.0 
Calcium carbonate 1.0 
Cholesterol 0.65 
5.0 


Egg oil ] 


* The salt mixture used was that of Osborne and Mendel (Osborne, 
T. B., and Mendel, L. B., J. Biol. Chem., 37, 572 (1919)). 
+ The fat of egg volk treated with acetone to remove lecithin. 
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| 
| 
XUM 


& 


Blatherwick, Medlar, Bradshaw, 101 
Post, and Sawyer 


the cholesterol content and but little change in the amount of 
liver fat. 

Diets Containing Egg—When cooked egg yolks were the sole 
food, the livers contained increased amounts of cholesterol and 
moderately increased amounts of fat (egg Diet I). The eating of 
cooked whole eggs produced livers which contained larger quanti- 
ties of cholesterol and slightly more fat than in the ease of the diet 
of egg yolk (egg Diet 11). The livers found when a diet containing 
75 per cent dried, egg white and 15 per cent lard was fed were very 
“lean” (egg Diet III). 

Substituting egg oil containing cholesterol but without lecithin 
for an equivalent amount of lard in the latter diet resulted in small 
increases in cholesterol and little change in fat (egg Diet IV). 
The addition of 0.65 per cent cholesterol to the preceding diet 
markedly increased the cholesterol content but had little effect on 
the fat (egg Diet V). 


Pathology 


The distribution of the fat in the liver parenchyma was similar to 
that seen in human fatty livers. At first the deposits were focal in 
nature, while later the deposition was a diffuse process. The 
peripheral two-thirds of the liver lobule was involved when the 
process was extensive. Small droplets of fat were predominant 
in the early stages while later the liver cells commonly contained a 
single large droplet. In other respects the liver parenchyma 
appeared normal. ‘The Kupffer’s cells were usually filled with fat 
when the process was fully developed. 

The pathogenesis of fatty infiltration of the liver is but little 
understood. In our experiments it is clearly shown that with 
certain diets fatty infiltration of the liver develops whereas with 
other diets this process is not manifest. It would seem that either 
faulty digestion, or derangement of the function of the liver cells, 
or a combination of these two factors would be the logical explana- 
tion for the occurrence of this phenomenon. 


DISCUSSION 


It is evident that diets which contain dried, whole liver cause 
large amounts of cholesterol and fat to be deposited in the liver. 
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Our experiments show that feeding the residue from the extraction 
of dried liver with hot 95 per cent alcohol does not result in fatty 
livers. Furthermore, the ingestion of a diet containing the liver 
residue remaining after an aqueous extraction does not cause a 
deposition of fat in the liver. These facts led us to believe that 
liver contains a substance, soluble in both alcohol and water, 
which causes this abnormal deposition of fat. The occurrence of 
fatty livers when raw liver is eaten rules out the possibility of a 
toxic product being formed during the drying of the organ. The 
substance which is responsible is, therefore, a natural one. 
Iixtraction of liver with hot alcohol removes, besides other 
things, cholesterol and lecithin. Chalatow (8), in 1912, reported 
that feeding egg yolk to rabbits produced changes in the aorta and 
deposition of fat in the liver. He demonstrated the presence of 
doubly refractive granules in the fresh tissue. Chalatow and 
Anitschow (9) then showed that the same results were produced 
when rabbits were fed cholesterol dissolved in sunflower seed oil. 
‘The sunflower seed oil was without effect. Thisindicated that the 
cholesterol of the egg yolk was responsible for the abnormal livers 
observed by Chalatow. ‘These pioneer investigations of the 
Russian school appear to have been largely lost sight of. The 
first American work on this subject seems to have been done by 
Bailey (10). He found that the feeding of egg yolk or cholesterol 
to rabbits produced an abundance of anisotropic fat in various 
organs, especially the liver. McMeans (11), at about the same 
time, came to similar conclusions. A recent study of the effect 
of cholesterol feeding is that of Kimura (12), who found that 
deposition of fat in the livers of albino rats was marked after its 
ingestion. Okey (13) has just reported that feeding diets con- 
taining 1 per cent cholesterol to white rats resulted in fatty livers. 
She found that these fatty livers weighed 1} times as much as the 
controls and that their moisture content was less. Okey observed 
that the increased cholesterol occurred as the ester. Our results 
presented in Table III show the ease with which fatty livers may 
be produced when cholesterol is fed as a part of certain diets. In 
the case of Rat 412, the total cholesterol content of the fresh liver 
was 9.57 per cent and the total fat amounted to 23.45 per cent. 
The solids of this liver were increased to 45.4 per cent. Such 
clear cut results prove conclusively that cholesterol is one sub- 
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stance contained in liver responsible for the deposition of fat when 
liver is eaten. 

Is there a water-soluble substance in liver capable of producing 
fatty livers? The data presented in Table II show that fatty 
livers were not found when a liver residue remaining after an 
aqueous extraction was fed. This finding indicates that water 
had dissolved something responsible for the deposition of liver fat. 
However, such a simple explanation may not be correct, since 
there are some peculiar reactions to be explained when this fraction 
of liver is fed. In the first place, this fraction contains about the 
same amounts of cholesterol and lecithin as occur in the whole 
gland. It is clear from the earlier discussion that cholesterol 
causes fat to be deposited in the liver. Why did not this happen 
in the ease of liver Diet IV? Furthermore, when 1 per cent 
cholesterol was added to this diet a marked increase in the cho- 
lesterol content but only a moderate increase in total fat took place 
(liver Diet XVII). These rather small effects are to be compared 
with the striking changes brought about in similar experiments 
using the 70 per cent alcohol precipitate of an aqueous extract 
(liver Diet XVIII, Table III). An alternative explanation is that 
the treatment of whole liver with water brought about a change or 
balance in the residue opposing the well demonstrated ability of 
cholesterol to cause fat to be deposited in the liver. Our data do 
not permit a final answer. 

Best, Hershey, and Huntsman (14) have shown that fatty livers 
were produced when rats were fed a diet consisting of equal parts 
of wheat, oats, and corn to which beef drippings were added to 
make 40 per cent of the diet. They found that egg lecithin when 
fed in amount comprising 10 per cent of the fat prevented depo- 
sition of fat. Best and Huntsman (15) reported that choline was 
the only hydrolysis product of lecithin which exerted the lecithin 
effect. Betaine was also found to act like choline. Recently, 
Best and Ridout (16) found that choline and betaine were able to 
prevent the increase in liver fat due to cholesterol but they 
observed that larger amounts of these substances were required 
than in the case of the diet containing only the added fat. Our 
experiments dealing with the possible influence of lecithin show 
that this substance did not exert a marked effect. The addition of 
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2 per cent lecithin to liver Diet I (liver Diet X XI, Table 1) was 
without effect in reducing the fat content of the liver. The same 
lack of effect was found when 2 per cent lecithin was added to 
liver Diet V (liver Diet XXII, Table I). Likewise, the addition 
of 2 per cent lecithin to liver Diet XVII (liver Diet X XIII, Table 
II) did not decrease the content of liver fat. Furthermore, the 
liver fat was not decreased when 2 per cent lecithin was added to 
liver Diet XVIII (liver Diet XXIV, Table III). It is perhaps 
well to emphasize that whole liver diets contain large amounts of 
cholesterol and lecithin. Analysis of liver Diet I showed it to 
contain 0.71 per cent cholesterol and 7.40 per cent lecithin. Since 
2a rat consumes on an average about 12.3 gm. of this diet daily, 
the ingestion of cholesteroland lecithin amounted to 87 and 910 
respectively. The fat content of this diet is 33.8 per cent and the 
daily fat consumption was, therefore, about 4.16 gm. A ecalecula- 
tion shows the consumption of choline as lecithin was about 143 mg. 
daily. These quantities of lecithin and choline are considerably 
greater than Best and his coworkers found necessary to prevent 
the deposition of liver fat. One must conclude that the réle of 
lecithin in opposing the laying down of liver fat is not evident with 
our liver diets. 

The eating of cooked egg yolks resulted in livers containing 
increased amounts of cholesterol and to a lesser degree of fat. 
When cooked whole eggs were consumed, these increases were more 
marked. The latter experiments indicate that a relative excess of 
protein in the diet may favor the deposition of liver fat. <A diet 
containing 75 per cent of dried egg white with lard as the fat gave 
“lean” livers. The substitution of egg oil containing cholesterol] 
for the lard resulted in a deposit of increased amounts of cho- 
lesterol but there was little change in total fat. Addition of 
cholesterol to the latter diet produced marked increases in the 
cholesterol content but had little effect on the fat. Growth of the 
rats on all of the egg white diets was extremely poor in contrast 
with the excellent gains made by the animals on the liver diets. 
‘This no doubt, partially accounts for the relatively small effeets on 
liver fat when the egg diets were eaten. 

We have studied the pooled extracts of non-fatty livers, fatty 
livers (liver diets), and fatty livers (egg diets). The iodine num- 
bers by the Hanus method of the fatty acids of the acetone- 


Blatherwick, Medlar, Bradshaw, 105 
Post, and Sawyer 


soluble fat were 126.7, 127.0, and 128.6, respectively. ‘The cor- 
responding values for the fatty acids of the phospholipid fraction 
were 139.2, 138.6, and 148.2. These findings indicate that the 
fat deposited in the fatty livers is that normally present. 

Analysis of some of the alcohol-ether extracts of the fatty livers 
showed that the increased content of cholesterol occurred almost 
wholly in the ester fraction. In fact, cholesterol esters often 
crystallized out of such extracts on standing in the refrigerator. It 
is easy to demonstrate the presence of numerous doubly refractive 
granules by teasing out a piece of the fresh tissue on a slide and 
examining it with the polarizing microscope. 

The lecithin content of the livers was always determined but 
the values have not been recorded in the tables because the 
changes observed were not of great significance. It was noted 
that the lecithin tended to decrease with increasing amounts of fat. 
This is, of course, a well known phenomenon. Our values for 
lecithin were 3.0 per cent, or somewhat less, of the fresh tissue. 

The only other organ that we have analyzed for fat is the 
kidney. ‘This organ was found to have a normal lipid content 
even though the fat content of the liver was high. The blood 
lipids of the rats having fatty livers were not significantly changed. 

The data presented in Table III show that as the percentage of 
fat in the livers increased the ratio of liver weight to body weight 
was greatly augmented. Values for the solid content of the liver 
were also found to be considerably greater in the case of the fatty 
livers. 

Additional experiments showed that excess fat was not laid 
down in the liver when 1 per cent uric acid or 5 per cent yeast 
nucleic acid was added to ineffective diets. 


SUMMARY 


White rats fed diets containing whole liver develop livers 
having large amounts of fat and cholesterol esters. It was shown 
that the cholesterol of the ingested liver is one substance capable 
of producing this fatty condition. Diets containing a residue 
from the aqueous extraction of liver or a 70 per cent alcohol 
precipitate of an aqueous extract of liver do not cause fat to be 
deposited in the liver. 
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Diets containing egg also result in a deposition of fat and 
cholesterol in the liver. The relatively poor nutritive condition 
of the animals fed the egg diets probably accounts for the less 
striking changes in the liver fat. 

The lecithin content of the fatty livers tends to decrease with 
increasing amounts of fat. The role of lecithin in preventing 
the deposition of liver fat is not apparent with our liver diets. 

‘The fat of the fatty livers appears to be that normally present. 
The lipids of the blood and kidney are not significantly changed. 
The fatty livers are larger than normal and their solid content is 


greater. 
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In a previous paper by Avery and Johlin (1) it was shown that 
young mice survived asphyxiation by various gases, such as pure 
hydrogen, nitrogen, and carbon monoxide, more readily than adult 
mice. 

These results were repeated in the present investigation and 
extended more particularly to newly born mice. It was found for 
example that a 2 day-old mouse will fully recover after an exposure 
of 1 hour to pure hydrogen or nitrogen, or after an exposure of 20 
minutes to pure carbon monoxide. ‘The writers since have found 
that Reiss and Haurowitz (2) had obtained practically identical 
results with newly born mice. Reiss (3) also determined the 
total amount of lactic acid to be found in mice following asphyxia- 
tion and ascribed the death of these animals to the accumulation 
of a great excess of lactic acid in the tissue. 

While Reiss was able to determine the amount of lactic acid by 
macerating the entire animal, it is evident that a study of the blood 
picture of such small animals presents greater obstacles, especially 
since mice hardly bleed at all after they have been nearly exhausted 
by asphyxiation. On the assumption that this greater resistance 
to asphyxiation on the part of young animals might be due to the 
more primitive character of their tissue, the writers have sought 
for a more exaggerated form of resistance to asphyxiation than is 
to be found in mice, among the lower forms of animals. Pfiiiger 
(4) long ago found that frogs when kept in nitrogen for many hours 
at 0° continue to expire CO, and will return to a normal condition 
when replaced in air. Pfliiger cites other investigators who many 
years previously had obtained almost identical results with frogs. 
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Somewhat similar results were later also obtained at 6° and 12° 
by Aubert (5). At that time no study of the blood picture was 
made. 

It was found in the present investigation that the frog will 
recover after an exposure to pure nitrogen for 75 minutes at 25° 
and that complete anoxia for such a period increases the blood 
sugar to about 4 times its normal value and the lactic acid of the 
blood to about 3 times its normal value. After a considerable 
number of experiments with frogs these experiments were further 
continued with the use of turtles because it was found that they are 
even more resistant to asphyxiation than frogs are, and because 
of the more plentiful supply of blood to be obtained from an 
individual animal. 

In the course of a long series of experiments with turtles it was 
found that an exposure of 27 hours to pure nitrogen may cause the 
blood sugar of the turtle to rise from a normal, varying from 36 to 
60 mg. per cent, to as high a value as 1070 mg. per cent of ferment- 
able sugar and that the lactic acid of the blood may simultaneously 
rise from a normal, varying from 28 to 60 mg. per cent, to a value 
as high as 985 mg. per cent. During an exposure to nitrogen for 
27 hours the pH of the blood was found to decrease from a normal 
of about 7.9 to a value as low as 6.8. An exposure to carbon 
monoxide had a similar effect in increasing the lactic acid and sugar 
content of the blood. Such animals as were not sacrificed for the 
examination of their blood picture at the end of an exposure of 27 
hours to nitrogen returned to an apparently normal condition, 
when replaced in air. 

No definite relationship between the sugar and lactic acid of the 
blood could be established in these studies. ‘The ratio of sugar to 
lactic acid was found to vary in the different cases from 0.7 to 2.1. 
When allowed freedom of motion the animals were frequently active 
during the period of anoxia and it appears that the energy for this 
activity was derived from a conversion of glycogen to lactic acid, 
which substance was found during this period of a lack of an 
oxidative recovery to accumulate in such abnormally large 
amounts. 

Determinations of expired CO, which were in each case carried 
out over periods lasting 24 to 26 hours showed that a relatively 
greater amount of CO, was expired when the animal was in 
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nitrogen than when it wasin air. This was true whether or not the 
animal was allowed freedom of motion and was also true, although 
the difference was less marked, in the case of the decerebrate 
animal. The amount of CO, expired during anoxia was so great 
that an amount of blood equal to the total weight of the animal’s 
body would be required to account for this expired CO, on the 
basis of the total bicarbonate content of the blood. Evidently a 
large part of the expired CO. was derived from the carbonate of 
bone tissue. 

Experiments which have been carried out thus far do not 
indicate any accumulation of methylglyoxal. 


Technique 


The turtles used in these experiments were fresh water turtles 
weighing from 1000 to 1500 gm. each. The chamber in which 
they were exposed to oxygen-free gases was in some cases a bell 
jar sealed by water and in others a large vacuum desiccator, the 
top of which was firmly fastened by steel clamps. After a turtle 
had been placed in either of these chambers all air was displaced 
by water and the water in turn displaced by nitrogen or carbon 
monoxide. When the periodic determination of CO. was desired 
the gas within the chamber was circulated from top to bottom by 
means of a mercury aspirator modified from that described by 
Shaw, Messer, and Weiss (6). All respiration experiments were 
carried out in a constant temperature room at 20°. In such cases 
in which determinations of expired CO. were made, sufficient 
amounts of N KOH to absorb all COs expired during a definite 
period were placed within the chamber (at least a 50 per cent 
excess of KOH was allowed). The KOH was periodically drained 
from the desiccator, the floor of the desiccator washed with distilled 
water, and the washings added to the main bulk of KOH before 
being titrated for the determination of its CO», content. 

After the turtles were removed from the chamber the neck was 
immediately ligated to prevent the intake of oxygen. When the 
bell jar was used this ligation was carried out before the turtle was 
removed from the oxygen-free gas. The animals were bled by 
cutting an artery of the neck. When blood was desired for pH 
determinations the neck where it was cut was submerged under 
mineral oil to prevent the escape of CO, from the blood. In some 
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instances, where it was desired to prevent the loss of CO2 from the 
blood, it was drawn from the heart by means of a syringe con- 
taining mineral oil. 


Analytical Methods 


Blood Sugar—The determination of blood sugar was made by 
means of Benedict’s colorimetric copper method (7), with Folin- 
Wu-Haden’s tungstic acid protein precipitation (8). The micro 
form was used for all of the mouse and frog determinations and the 
macro for most of the turtle work. 

Fermentable Sugar in Blood—The fermentable sugar was taken 
as the difference in sugar content before and after treatment with 
washed yeast cells as described by Hiller, Linder, and Van Slyke 
(9) and Somogyi (10). 

Blood Lactic Acid—Two methods were used in the determination 
of lactic acid. On the blood whose sugar was determined by 
Benedict’s micromethod, the gasometric method of Avery and 
Hastings (11) was used. In the other cases the MnO, aeration 
method was used as described by Friedemann and Kendall (12) 
and modified by West (13). 

pH of Blood—The plasma pH was determined on whole blood as 
suggested by Hawkins (14), the readings being made in a Hastings- 
Duboseq colorimeter. Determinations were made at 20°. 

Blood Carbonate—The total CO, of the blood was determined 
in the Van Slyke manometric apparatus, with 1 ce. samples (15). 

Expired CO.—The COs content of the KOH drawn from the 
closed chamber described elsewhere was determined by titration 
with HCl. To the carbonate-normal hydroxide solution was 
added phenolphthalein indicator. nN HCl was run in until the 
color just began to fade. ‘The end-point was then attained with 
0.1 ~n HCl. When the pink disappeared, methyl orange was 
added and 0.1 nN HC] again added to an end-point. The difference 
between the two end-points corresponds to the CO. content. 


Experimental Data 


Table I illustrates data obtained with turtles exposed to nitrogen 
and carbon monoxide within the bell jar type of chamber. 

The data presented in Table II were obtained through the use 
of the desiccator type of chamber where it was possible to circulate 
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the gas within the chamber and to determine the CO» which was 
expired by the experimental animal. Data of Turtles 12-a, 13-a, 


TABLE I 


Data Obtained on Turtles Exposed to Nitrogen and Carbon Monoxide ina 
Bell Jar Type of Chamber 


hrs. mg. per cent mg. per cent 
1 Air 50 45 
4 50 27 
2 N2 4.5 300 3390 0.9 
7 _ 6 485 320 1.5 
6 16 670 500 1.2 
24 1025 620 1.6 
5 - 26 530 555 0.95 
15 26 1070 
S CO 12 720 400 1.8 
22 710 520 1.4 
TABLE II 
Data Obtained on Turtles Exposed to Nitrogen in a Desiccator Type 
of Chamber 
Turtle No. | Length of exposure | Blood sugar Lactie acid 
hrs. mg. per cent mg. per cent 
ona Control 39 61 
6-a | 36 28 
7-a 28 
9-a 80 
10-a 38 
14-a . 41 18 
l-a 27 430 575 
27 922 985 
S-a 28 830 390 
12-a | 28 550 | 
13-a 28 550 | 335 


and 14-a were obtained at a constant temperature of 20°.  Nitro- 
gen was used as the asphyxiating gas in each case. 
The normal pH of the blood of Turtles 7-a and 14-a was 7.76 and 
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7.88 respectively. That of Turtles l-a, 2-a, and 8-a after the 
period of anoxia indicated was 6.91, 6.86, and 6.82. These three 
animals were allowed to rebreathe the CO. which they had expired. 
The pH of the blood of Turtles 12-a and 13-a after 28 hours in 
nitrogen was 7.18 and 7.34. In the case of these two animals the 
(Oz, expired was being absorbed in KOH continuously. This last 
fact must account for the fact that their blood remained more 
alkaline at the end of the period of anoxia. The comparative 
effect of permitting the rebreathing of the CO, and that of its con- 
tinuous removal is again reflected in the bicarbonate and free CO. 
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ic. 1. The relative amounts of CO, expired by the same animal when in 
air and when in nitrogen. 


content of the blood. The normal total CO. content of the blood 
of Turtle 14-a was found to be 82.8 volumes per cent (pH 7.88). 
That of Turtle 2-a after 27 hours in nitrogen was 28.6 volumes 
per cent (pH 6.86), and that of Turtle 12-a after 28 hours in 
nitrogen was 8.57 volumes per cent (pH 7.18). In the case of 
Turtle 2-a, 24.3 volumes per cent were calculated as BHCOs; and 
4.3 volumes per cent as free COs. 

The rebreathing of free CO, allows a much higher amount of 
total CO. to remain in the blood but at the same time left such a 
relatively great amount of free CO. that the condition of the blood 
remained more acid in the presence of 24.3 volumes per cent of 
(‘Os in the form of BHCO; than in the presence of but 7.91 volumes 
per cent of CO. as bicarbonate. 


| 
| 
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The relative amounts of CO, expired by the same animal. when 
in air and when in nitrogen for periods of 24 to 30 hours is illus- 
trated by the data of Fig. 1. The amount of CO, expired was 
always greater when the animal was in nitrogen. This was true 
when the animal was allowed freedom of motion, when freedom of 
motion was effectually hindered, and when the animal was de- 
cerebrate. In either air or nitrogen, the amount of COs expired 
decreased respectively with these three conditions. 


DISCUSSION 


The data which have been given suggest further studies regard- 
ing the generally accepted conclusion that glycogen is converted 
into lactic acid in muscular exercise but that an increase in blood 
sugar must result from the conversion of glycogen in the liver. 
It cannot be stated without further experiment what part the 
extreme acidosis of anoxia plays in the conversion of glycogen 
into glucose and to what extent the liver is depleted of glycogen in 
this process. ‘The effect of iodoacetic acid in lessening the turtle’s 
tolerance to anoxia by hindering the formation of lactic acid and 
the liberation of the necessary energy for survival must also be 
tested by future experiment. Other interesting phases auto- 
matically suggest themselves for further study. 


SUMMARY 


If the turtle is placed in pure nitrogen for periods as long as 28 
hours its blood sugar may rise from a normal of about 50 mg. per 
cent to about 1200 mg. per cent, while the lactic acid of the blood 
may rise to almost 1000 mg. per cent. While in nitrogen for 26 
hours the turtle expires a larger total amount of CO, than the same 
animal will expire in air during a similar period. ‘The total amount 
of CO. expired by a turtle during a period of complete anoxia is 
greater than could be accounted for by the bicarbonate of an 
amount of turtle blood equal to the total body weight of the 
animal. During this period of complete anoxia the pH of the 
blood decreased from a normal of 7.9to 6.8. Methylglyoxal as an 
intermediary product could not be identified in the blood after 
anoxia. 


| 
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The senior author, while making a study of a mixed fat contain- 
ing butter fat, noticed certain unexpected fluctuations in the io- 
dine numbers of the low boiling fractions of the methyl esters 
prepared from this mixed fat. Upon investigation these fluctua- 
tions were found to be due, principally, to the butter fat. This 
paper is an outgrowth of the observation made at that time. 

Butter fat in many respects is one of the most unusual of the 
animal fats. Since it originates as a product of the activity of the 
mammary gland, the nature of the fatty acids present in it is of 
interest not only as a study in fat analysis but also as reflecting 
information concerning certain metabolic processes. The pres- 
ence of acids of the saturated series from butyric to tetracosanoic 
(so called lignocerie acid and possibly an acid of still higher molec- 
ular weight) presents extreme difficulties in their separation and 
estimation. With the lower acids, there is always the suspicion 
that their presence may be correlated in some way with the me- 
tabolism of the mammary gland, in that in its synthesis of but- 
ter fat the gland may be throwing off or producing these acids as 
intermediate steps in the 8 oxidation of acids of higher molecular 
weight. 

Since it is the purpose of this communication to offer certain 
observations relative to the nature of some of the fatty acids in 
butter fat, a brief survey of a few of the more important investiga- 
tions, previously reported in the literature, will be given here. 
Browne (1) in 1899 was one of the first to present detailed analyti- 
cal results. His data were obtained from crystallizations of fatty 
acids and soaps. In addition to the eight saturated acids from 
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butyric to stearic, he reported the presence of oleic and dihydroxy- 
stearic acids. In 1912 Smedley (2) distilled the methyl esters of 
butter fat and noted an apparent maximum in the iodine number of 
the Cy) fraction, inferring the presence of an unsaturated Cj, 
acid. The eaproic acid found was shown to have the normal struc- 
ture. Crowther and Hynd (3) in 1917 likewise observed the pres- 
ence of unsaturated acids in the lower fractions of butter esters and 
they made an attempt to isolate decenoic acid but with dubious 
results; for upon oxidation an oxy acid was obtained melting close 
to the theoretical melting point for dihydroxystearic acid. ‘These 
investigators went so far as to mix methyl esters of the acids 
which they supposed were present in butter, and when this mix- 
ture was distilled they noted the appearance of an unsaturated 
substance in the lower fractions. Despite the fact that oleic acid 
was the only unsaturated acid in their mixture, they concluded 
from the results of their experiment that oleic acid was the only 
unsaturated acid present in butter. Holland and Buckley (4) 
in 1918 and Holland and coworkers (5) in 1923 reported analyses 
of numerous butters collected under various conditions, showing 
the effect of diet, the stage of lactation, and breed of cow, ete., 
on the composition of the butter fat. The ethyl esters of 300 gm. 
specimens were separated into six (or seven) fractions under 
standardized conditions. It would appear that with this inade- 
quate fractionation the results obtained gave only very general 
indications of the changes in composition. For routine work when 
large numbers of specimens were to be analyzed, the method un- 
doubtedly gave information of importance. 

Channon, Drummond, and Golding (6) in 1924 showed the effect 
of diet on the composition of butter fat and studied in some detail 
the methyl ester fractionation method as a means for the quantita- 
tive analysis of butter fat. In their experiment the esters were 
separated into twelve fractions, the first having an iodine number 
of 0 (b.p. at 15 mm. 70—100°), the second an iodine number of 10.2 
(b.p. at 15 mm. 101-130°); the iodine numbers then ranged up- 
ward from 20 to 50. After four distillations these values were not 
materially changed and the investigators concluded from these 
results that ‘“‘as an exact quantitative method, it is of little value.” 
They reason further, and rightly, that if oleic acid were to be found 
throughout the lower fractions, other high boiling acids likewise 
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would also occur there. The most recent detailed investigations 
of butter have been reported by Hilditch and Jones (7) in 1929 and 
Hilditch and Sleightholme (8) in 1930. In these reports the value 
of the methyl ester distillation method was substantiated. Most 
of the acids of the lower series were removed by steam distillation 
before esterification and investigated separately. The methyl es- 
ters of the liquid and solid acids were prepared and distilled sepa- 
rately. In addition to other acids, arachidie and linoleic acids 
were reported. 

In our work reported below, we have subjected the methyl 
esters of a composite specimen of butter fat to repeated fractiona- 
tion. From a study of the curves derived from the iodine num- 
bers of the fractions we inferred the presence of decenoie acid in 
the (yo fraction and that of a hitherto unreported acid, tetrade- 
cenoic, in the C,; fraction. Both of these acids have been isolated 
and their identity established. By mere fractionation we have 
obtained a high boiling fraction with an iodine number of 99, 
thus demonstrating the presence of acids more unsaturated than 
oleic. This was further substantiated by the isolation of ether- 
insoluble polybromides from several of the higher fractions. The 
presence of such highly unsaturated acids has been reported by 
Brown and Sutton (9). We have not been able to demonstrate the 
presence of ordinary linoleic acid. Instead, a tetrabromide, insol-_ 
uble in petroleum ether, was found which may have been derived 
from a Cos or a Cor acid with two double bonds. By repeated 
crystallization of the saturated acids of the highest boiling frac- 
tion a mixture of acids was obtained which was principally tetra- 
cosanoie acid with small amounts of behenie and cerotie acids. 

In view of these results the complexity of the problem of the 
analysis of butter fat is greatly increased. Instead of identifying 
the unsaturated substances in the lower fractions as oleie acid, it 
is now necessary to take into account at least two unsaturated 
acids of lower molecular weight, both having iodine numbers 
greater than that of oleic acid. Instead of identifying the fatty 
acids with iodine numbers greater than that of oleic acid, as lino- 
leic, it is necessary to take into account not only the unsaturated 
acids of low molecular weights but also the possibility of appre- 
ciable amounts of highly unsaturated acids of the arachidonic 
type and perhaps certain unsaturated acids of higher molecular 
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weight than the Cig series with two or more double bonds. ‘The 
presence of these additional fatty acids in butter makes one despair 
of exact quantitative analysis. In fact, butter fat becomes the 
most complex of all known fats. 


EXPERIMENTAL 


Preparation and Distillation of Methyl Esters of Butter Fat—A 
specimen of creamery butter was melted, filtered, and dried by 
warming under reduced pressure. The resulting fat gave an io- 
dine number of 40.0, a Reichert-Meissl number of 31.0, and a 
saponification number of 225.3. This butter fat (11.7 kilos) was 
esterified by refluxing for 24 hours with methyl alcohol containing 
1 to 2 per cent of dry HCl gas. 3 kilos could be conveniently es- 
terified in a 12 liter flask with 4500 cc. of aleohol. When the es- 
terification was complete, about half of the aleohol was distilled 
off and used again. Water was added to the remaining mixture of 
esters and alcohol until the flask was full, and the ester layer was 
then separated. By this process most of the glycerol, the excess 
methyl alcohol, and the methyl butyrate were removed. 

The esters were subjected to fractional distillation four times 
at a pressure of 15 mm. ‘The first distillation gave seven large 
fractions. During the second distillation fractions were separated 
at each 10° interval and during the third and fourth distillations 
fractions were separated at each 5° interval. The operations were 
carried out in specially constructed Claissen flasks of 0.5 to 2 liters 
capacity. The side arms of these flasks were longer than usual 
and were profusely indented to increase their efficiency. A modi- 
fied Pauly receiver with six outlets was used in separating the frac- 
tions. The distillation was allowed to proceed at the rate of 100 
to 150 drops per minute. Each fraction was distilled completely 
before the next was introduced into the apparatus. These precau- 
tions and especially the care with which the distillation was per- 
formed account, we believe, for the efficiency attained in the vari- 
ous separations. As a result thirty-seven fractions were obtained. 

Preliminary Examination of Fractions—The data obtained from 
an examination of the thirty-seven fractions will be found in Table 
I. These data disclose maximum fractions at the correct boiling 
points for esters of certain series: Fraction 1 for Cs, Fraction 7 
for Cs, Fraction 13 for Cy, Fraction 25 for C,,, Fraction 30 for 
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TABLE I 
Results Obtained from Examination of Fractions of Methyl Esters of Butter 
Fatty Acids 
Fraction No. B.p., 15 mm. Series Weight a bs Iodine No.t 
gm. 
l 55 C; 69.0 116.4 0.0 
2 55- 60 _ 33.0 116.8 0.0 
3 60- 65 “« —Cs 6.8 123.5 0.0 
4 70 4.7 124.0 0.23 
5 70— 75 ee 7.0 132.2 0.29 
6 75— 80 15.0 139.0 0.32 
7 80- 85 Cs 40.0 141.2 0.62 
8 85— 90 25.5 143.7 1.42 
90 -95 —Cyo 12.0 148.5 3.51 
10 95-100 11.3 156.4 4.88 
1] 100-105 9.6 157.7 7.12 
12 105-110 2:0 | 160.2 9.44 
13 110-115 " 107.8 165.3 11.40 
14 115-120 Cy 69.0 173.3 11.18 
15 120-125 oe 23.9 173.3 10.56 
16 125-130 37.0 180.6 9.82 
17 130-135 30.0 187.5 9.03 
18 135-140 eee 30.6 191.9 7.40 
19 140-145 38.0 198.3 6.58 
20 145-150 58.7 198.4 6.05 
21 150-155 C,.-Cis 71.3 205.8 6.41 
22 155-160 or 84.0 211.3 6.96 
23 160-165 ae 112.0 218.0 7.20 
24 165-170 135.0 223.4 7.85 
25 170-175 Cis-Cis 329.0 232.8 8.42 
26 175-180 251.0 237.2 9.10 
27 180-185 416.0 239.0 10.75 
28 185-190 atone 774.0 255.9 14.82 
29 190-195 Cis 921.0 259.1 21.80 
30 195-200 1350.0 266.2 {| 30.20 
31 200-205 820.0 267.8 45.51 
32 205-210 eecaes 1935.0 273.1 55.55 
33 210-215 rar 2588 .0 277.7 | 65.07 
34 215-220 wap 168.0 | 279.1 | 74.53 
35 220-225 Ci 27 .0 286.6 82.61 
36 225-230 16.0 299.9 89.88 
37 230-285 120.0 | 367.2 | 99.10 
* Obtained by subtracting 14 from the mean molecular weight of the es- 
ters. 
7 Hanus, 1 hour’s reaction. 
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Cys, and Fraction 33 for Cys. No maximum was found for Cy, 
which indicates the presence of not more than small quantities 
of laurie acid. Although in Table I we have indicated a number of 
the fractions as consisting of two series only, this is not to be in- 
terpreted as meaning that we believe these fractions to contain no 
other series, because we fully realize that appreciable amounts of 
two, four, or six series are probably present in each. However, 
our experience does not agree with that of Channon, Drummond, 
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Fia. 1. Curves derived from the iodine numbers of the several fractions 


and Golding (6) who state that oleic acid may be carried over 
throughout almost the entire series of fractions. ‘This point is 
further borne out by the iodine curves (see Fig. 1) which are dis- 
cussed below. 

The figures for the mean molecular weights of the acids are sub- 
ject to two slight errors involved in their determinations. The 
first is due to the presence of glycerol. It was found impossible 
to remove all the glycerol from the esters without excessive wash- 
ing and consequent removal of some of the esters of low molecular 
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weight. The glycerol which was left in solution in the esters dis- 
tilled over between 145-190° and the fractions within this range 
therefore contained some of it. The second error is due to the 
cholesterol in the butter fat which remained in solution in the 
esters and it, or some decomposition product formed from it, 
began to distil over with the esters at 185°. 

In our preliminary work we broke the vacuum in our distilling 
apparatus by the use of carbon dioxide and kept the fractions under 
an atmosphere of this gas to prevent oxidation of the unsaturated 
acids. We later found, however, that this gas is quite soluble in 
methyl esters and introduced an error in the determination of molec- 
ular weights. In the work reported here nitrogen gas was used 
for the purposes mentioned. 

Distribution of Unsaturated Acids—In order to observe the dis- 
tribution of unsaturation two types of curves have been prepared 
(Fig. 1). In Curve 1 the iodine numbers have been plotted 
against the various fraction numbers. Since, with the exception 
of the first and last fractions, these were collected over 5° ranges, 
the curve is the correlation of iodine number against boiling point. 
It will be noted that unsaturated substances begin to appear in 
the fourth fraction, increasing rather rapidly to an early maximum 
in the Cy fraction (No. 13). They then decline to a minimum at 
Cy. (Fraction 20), rising very slowly nearly to Cig and then rapidly 
to the end. Assuming the only unsaturated acids present to be 
those of the Cs series, one would expect the steep slope of the curve 
beginning with Fraction 27 to approach the base-line rapidly near 
Fractions 24 and 25. On the basis of this curve, which in many 
respects resembles that of Smedley (2), we inferred the presence of 
decenoic acid. The slight upward slope of the curve between C)2 
and (i, caused us to suspect the presence of tetradecenoic acid. 
The continued upward rise of the iodine number above the Cj 
fractions is indicative of the presence of acids of the arachidonic 
type, previously reported by Brown and Sutton (9). 

In the second of the curves the total iodine absorption value of 
each fraction as determined by the formula 


Iodine absorption = (weight of fraction < iodine No.)/100 


has been plotted against the number of the fractions (Curve 2, 
Fig. 1). Sinee the last portion of this curve would have gone far 
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off the scale, it was plotted (Curve 8) as one-hundredth of the io- 
dine absorption value for the fractions. This curve is more strik- 
ing than the one plotted for the iodine numbers because it shows 
that principal maxima occurred at the following points: Cio 
(Fraction 13), C,; (Fraction 25), Cys (Fraction 33), and Coo or 
higher (Fraction 37), indicating the presence of peaks of unsatura- 
tion in these fractions. Slight maxima also occurred in Fractions 
16 and 30 and these will be considered in the discussion later in 
this paper. 

‘To summarize the observations made by an inspection of these 
curves it seems reasonable to believe that by a proper examina- 
tion of Fractions 13, 25, 33, and 37 unsaturated fatty acids of the 
Cio, Crs, Cis, and Ceo (or higher series) would be found. 

Separation of Unsaturated Acids from Saturated Acids by Lead 
Soap-Ether Method—The unsaturated acids in several fractions 
have been separated by the well known lead soap-ether method. 
Usually 500 gm. of the esters were saponified, the soaps extracted 
with ether to remove cholesterol, ete., and the acids then precipi- 
tated as lead soaps. 

Karly in the work it was observed that if the acids prepared by 
this method were subjected to a second conversion into lead soaps 
and extraction with ether, additional amounts of saturated acids 
could be removed. By employing this principle through three 
complete separations, the unsaturated acids were freed from satu- 
rated acids more efficiently than with one separation. We ob- 
served, further, that in the higher fractions, No. 37 for example, in 
which there was a preponderance of unsaturated acids, repeated 
application of the lead soap method was no more efficient than 
one. The data obtained by the examination of the unsaturated 
acids thus prepared are given in Table IT. 

It should be noted in discussing these results that the yield of 
unsaturated acids obtained by the lead soap-ether separation in 
the lower fractions represents a small portion of the whole fraction. 

No satisfactory separation of Fraction 13 could be made by 
the lead soap-ether method. In some preliminary work on an- 
other batch of esters we were able to obtain, by bromination and 
subsequent reduction, an acid having a molecular weight of 173 and 
an iodine number of 148.8, indicating the presence of an unsatu- 
rated acid of the Cy) series. This we have confirmed, as will be 
shown later in this paper. 


XUM 


A. W. Bosworth and J. B. Brown 123 


Fraction 16, according to the curve for iodine absorption 
(Curves 2 and 3, see Fig. 1), shows a slight maximum for unsatura- 
tion. We have made a very careful examination of this fraction 
and have secured no evidence to indicate the presence of an un- 
saturated Cy. acid. We believe this peak in the curve to have been 
introduced by the difficulty we experienced in maintaining an 
even pressure of 15 mm. in our distillation apparatus. During 
the process of distillation the apparatus was opened and closed 
over 200 times, which involved over 200 adjustments of the pres- 
sure. An automatic pressure regulator would have been a help 
and probably would have made our curves a bit more smooth. 


TABLE II 
Data Obtained from Examination of Unsaturated Fatty Acids 
Fraction No. | B.p., 15 mm. Iodine Ne. Method liquid 

13 110-115 173 148.8 Bromination, see text 
25 170-175 229 107.7 Lead soap-ether 

29 190-195 274 87.7 

30 195-200 276 89.4 

31 200-205 277 91.0 

32 205-210 279 92.8 ” 

33 210-215 283 96.7 

34 215-220 296 123.1 

35 220-225 313 123.7 

36 225-230 317 120.3 

37 230-285 320 129.4 


From Fraction 25 an unsaturated acid was obtained with an 
iodine number of 107.7 and a molecular weight of 229, indicating 
the presence of an unsaturated acid of the Cy, series. This we 
have confirmed also, as will be shown later in this paper. 

The slight maximum shown for Fraction 30 (Fig. 1) might be 
taken as indicative of the presence of an unsaturated acid of the 
C,, series. We have failed, however, in a number of attempts, to 
isolate hexadecenoic acid from any fraction. This point will be 
discussed later in connection with the data obtained by the use 
of the barium soap-benzene separation. We believe the difficulty 
we encountered in maintaining the pressure in our distillation 
flask at exactly 15 mm. to be responsible also for this pseudopeak 
in our curve. 
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The iodine numbers and the molecular weights for the unsatu- 
rated acids separated from Fractions 32 to 37 inclusive show that 
there are present in butter fat unsaturated acids of greater molecu- 
lar weight than that of oleic acid and probably more unsaturated. 

Separation of Unsaturated Fatty Acids into Two Fractions by 
Barium Soap-Benzene Method—The unsaturated acids prepared 
by the lead soap-ether separation, after analysis, were converted 
into barium soaps, treated with hot benzene, and the mixture 


TABLE UI 
Data Obtained from Examination of Unsaturated Acids As Separated from 
Several of Fractions by Lead Soap-Ether Method, Followed by Barium 
Soap-Benzene Method 


Acids from barium soaps 
Fraction No. | B.p.,15mm. | Insoluble in benzene Soluble in benzene 
Mean | Todine No. \Mean mol. wt.| Iodine No. 
| 
29 190-195 | t | 
30) 195-200 289 82.4 
31 200-205 286 | 9.7 301 85.9 
32 205-210 286 90.4 313 84.2 
33 | 210-215 239 (94.6 316 100.1 
34 | 215-220 204 (94.5 332 122.0 
35 | 220-225 309 99.9 349 110.7 
36 | 225-230 | 
37 | 230-285 | 321 96.4 327 125.3 


* This acid, upon reduction with hydrogen and crystallization from 
acetone, melted at 69.3-69.7°. Stearic acid is said to melt at 69.3°. 
+t Yield not sufficient for analysis. 


was filtered while still hot. ‘The soaps which erystallized from the 
benzene solution upon cooling to 10° constituted the first fraction. 
‘These soaps were recrystallized twice from benzene and converted 
into acids. The analytical results are given in Table ITI. 

The barium soaps which were soluble in benzene constituted the 
second fraction. ‘These soaps were converted into acids, then to 
potassium soaps, and again precipitated as barium soaps with sub- 
sequent solution in benzene. The acids obtained from these soaps 
were examined for molecular weight and iodine number. The 
molecular weights seemed to be unusually high, but in this 
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connection it should be noted that the yields in these instances 
were very small and the products may have been unavoidably con- 
taminated with inert material from the benzene used during the 
several extractions with this reagent. The data obtained are to be 
found in Table ITI. 

The barium soap-benzene separation was made in the hope 
that the acids with a single double bond would be separated from 
those containing two or more double bonds. ‘The results are not 
as clean cut as might be desired, but they certainly seem to offer 
no indication of the presence of either hexadecenoic or linoleic 
acid. 

The molecular weights of the unsaturated acids separated by the 
lead soap-ether method from Fractions 29 to 32 are 274, 276, 277, 
and 279 respectively. These results are well below the weights 
for the Cis series. The iodine numbers of these acids are so high 
(87.7 to 92.8) that they seem to preclude the possibility that the 
low molecular weights are the result of contamination with palmitic 
acid which escaped removal. When the unsaturated acids, which 
were obtained from these fractions by the lead soap-ether method, 
were subjected to the barium soap-benzene separation, a small 
amount of barium soaps insoluble in hot benzene was always pres- 
ent and this was filtered out before the mixture was allowed to 
cool. These barium soaps which were insoluble in hot benzene 
were soups of saturated acids which had not been removed from 
our preparations by the lead soap-ether method. ‘The data ob- 
tained for Fractions 29 to 32 inclusive by the use of the barium 
soap-benzene separation do not indicate the presence of hexa- 
decenoic acid but do seem to indicate that oleic acid is the only 
unsaturated acid with one double bond to be found. The molec- 
ular weights of the acids derived from the barium soaps which 
were insoluble in cold benzene range from 280 to 286 and the iodine 
numbers of these acids range from 90.4 to 91.1, figures which are 
very close to the theoretical figures for oleic acid; 7.e., molecular 
weight 282, iodine number 90.1. 

The methyl ester of linoleic acid distils at about 2° or 3° below 
the boiling point of methyl oleate at the same pressure. One might 
expect therefore to find linoleic acid present in most of the frac- 
tions which contained oleic acid. Linoleic acid has a molecular 
weight of 280 and an iodine number of 181.4. ‘The data in the last 
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two columns of Table III show nothing approximating these fig- 
ures. 

The figures obtained for Fractions 31 and 32 suggest the presence 
of gadoleie (eicosenoic) acid (CesH3s02). The molecular weights 
found were 301 and 313 (theory 310) and the iodine numbers were 
85.9 and 84.2 (theory 85). 

The data obtained from Fractions 33, 34, 35, and 37 suggest 
the presence of Coo and Cy acids with two double bonds. As the 
yields of these acids were very small, we could make no further 
attempt to identify their true nature. 

Concerning the Presence of Highly Unsaturated Acids—When 
unsaturated fatty acids or their esters containing three or more 
double bonds are brominated, they form ether-insoluble bromides 
and the weight of the bromides thus obtained from 100 gm. of fat 
or esters is designated as the polybromide number. ‘The poly- 
bromide numbers for several of the fractions are shown in the fol- 
lowing tabulation. ‘These figures were obtained by adding an 
excess of bromine to a cold ether solution of the esters, and sub- 
sequently separating, drying, and weighing the insoluble bromides. 


Fraction No. Polybromide No. 

29 Trace 

30 

31 

32 

33 0.30 

34 1.74 

35 3.56 

36 3.94 

37 4.43 


The yields of these bromides rapidly approach a maximum in 
Fractions 36 and 37. The ester bromides of Fractions 33 and 34 
melt with decomposition at 241-242°; those from the higher frac- 
tions do not melt. The acid polybromides from Fraction 37 
contained 69.70 per cent bromine. In view of these results, al- 
though very little can be said concerning the nature of these acids, 
we believe that they contain little, if any, arachidonic acid, 
CoH 5202, the methyl ester polybromide of which melts at 228- 
230° (Brown (10)). It seems more probable that they belong 
principally to the C.». series with four and five double bonds. 
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The amount of available material has prevented a further in- 
vestigation of this phase of the problem. If a large amount of 
butter (100 pounds or more) could be subjected to the process of 
fractional distillation, as outlined in this paper, one undoubtedly 
would secure interesting data concerning the unsaturated acids of 
high molecular weight. 

Isolation and Identification of Some Acids Found in Butter Fat. 
Preparation of Decenoic Acid—The possibility of the presence of 
decenoic acid, C;p5H,s02, in butter was first mentioned by Smedley 
(2) but was seriously doubted by Crowther and Hynd (3). No 
other reference to this acid appeared until the work of Griin and 
Wirth (11). Working with 450 kilos of ‘butter fat, these investiga- 
tors were able to prepare the acid in quantities corresponding to 
about 0.01 per cent of the total fat. The structure of their acid 
was determined, the double bond being placed between the 9th 
and 10th carbon atoms. The preparation of the acid in the pres- 
ent report was made essentially as by Griin and Wirth. Since, 
however, this acid has been isolated from butter only once _ pre- 
viously, its preparation will be described in some detail. 

In the early part of the present investigation, a number of pre- 
liminary experiments were made in an endeavor to secure addi- 
tional information concerning unsaturated acids of low molecular 
weight. The volatile, insoluble acids obtained when butter fat 
was distilled with steam gave an iodine number of 10.5. By this 
procedure oleic acid should not be in the distillate. An attempt 
made to separate the saturated from the unsaturated acids in 
Fraction 13 by the lead soap-ether method was also without suc- 
cess. 

The esters from Fractions 10 to 17 inclusive were combined, 
since it was believed that these contained methyl decenoate with 
inappreciable amounts of other unsaturated acids. The amount 
of decenoic acid in these fractions calculated from the iodine 
numbers was found to be 21.6 gm., or 0.18 per cent of the original 
butter fat. This is roughly 18 times the amount found by Griin 
and Wirth. The combined esters were brominated in cold ether 
with excess bromine. After standing 4 hours, the excess bromine 
was removed by shaking with sodium thiosulfate solution, and the 
ether distilled. The residual brominated esters were placed in a 
special 250 cc. Claissen flask and fractionally distilled under re- 
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duced pressure by heating in a bath of Wood’s metal. Most of 
the saturated esters came over under 100° (1 to 2 mm.). There 
was then a slow rise in boiling point to 120°, and a sharp rise to 160°, 
when it was observed that a heavy colorless liquid was distilling 
over. The fractions were redistilled slowly and that portion 
boiling at 170—180° collected as methyl dibromocaprate. Upon a 
third distillation 26.5 gm. were obtained, boiling at 162—173° at 
l1to2mm. The boiling point of most of this fraction was 170- 
173° (Griin and Wirth report 185—-186° at 7 mm.). It is an amber- 
colored, heavy liquid. n?°=1.4930. Br found, 44.71 per cent; 
theory, 46.46 per cent. 

25 gm. of the methyl dibromocaprate as prepared above were 
refluxed with 50 gm. of zine dust in 400 ce. of methyl aleohol for 
4 hours, the reaction being initiated with a few drops of HCl. ‘The 
alcoholic solution of esters was then centrifuged to remove the 
excess zinc, and most of the aleohol was removed by distillation. 
The residual esters were washed with water, dissolved in ether, and 
transferred to a 125 ec. Claissen flask. The ether was removed at 
ordinary pressure and the esters were distilled. Yield, 11 gm. of 
water-white ester (82 per cent of theory); b.p. at 15 mm., 112- 
116°. Methyl caprate is reported to boil at 114° under this pres- 
sure. Griin and Wirth report the boiling point at 12 mm. to be 
115-116°. The odor was similar to but more pronounced than 
that of methyl caprate. The iodine number determined by the 
Hanus method, with 1 hour’s reaction, was 135.4 (theory 138). 
The molecular weight by the saponification method was 181.4 
(theory 184). n° = 1.4362. The melting point was —34° to 
— 33°. 

9 gm. of the methyl decenoate as prepared above were saponified 
by refluxing for 30 minutes with 10 gm. of KOH dissolved in 10 ce. 
of water and 40 ee. of aleohol. Most of the aleohol was removed 
by distillation under reduced pressure. ‘The sodium decenoate 
was dissolved in water and decomposed with HCl. The acid thus 
liberated was dissolved in ether, transferred to a 125 ec. Claissen 
flask, and distilled. The product was water-white, with an odor 
similar to that of eaprie and laurie acids, although seemingly more 
intense. Yield, 8.5 gm.; b.p. at 14 mm., 155-160° (Griin and 
Wirth, b.p. at 4 mm., 142°). Iodine number, Hanus 1 hour’s 
reaction, 146.2; 2 hours, 148.8 (theory 149.3). Mean molecular 
weight by titration with alkali, 172.8 (theory 170); n° = 1.4462; 
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melting point —0.5°. Calculated for CioH;302, H 10.66 per cent, 
C 70.53 per cent. Found, H 10.78 per cent, C 69.25 per cent. 
Upon reduction, capric acid with molecular weight of 174.2 
(theory 172) resulted; the compound, without reerystallization, 
melted at 29.5°. 

Preparation of Tetradecenoic Acid—Our previous data had given 
us reason for suspecting the presence of an unsaturated acid of the 
C,, series in Fraction 25. Accordingly, the fatty acids of a por- 
tion of this fraction were subjected to the lead soap-ether separa- 
tion. The iodine number of the unsaturated acids resulting from 
this treatment was 58.9 and the molecular weight was 229.3. 
These results seemed to indicate the presence of little or no oleic 
acid. ‘The lead soap-ether separation was repeated and the un- 
saturated acids thus obtained had an iodine number of 107.7 and 
a molecular weight of 229.6, values which are very close to the 
theory (see below) for tetradecenoic acid, 

6 gm. of the unsaturated acids obtained from the remainder of 
Fraction 25 by the lead soap-ether method were converted into 
methyl esters, brominated in ether, the excess bromine and ether 
removed, and the product fractionally distilled. The first por- 
tion, weighing 3.5 gm. and consisting principally of methyl myris- 
tate, boiled between 110—-180° at 4 to 5 mm. The remainder, 
5.0 gm., boiled at 180-214° at this pressure. Its bromine content 
was 37.40 (theory for methyl dibromomyristate 39.95). This 
compound probably boils at 210-214°; n? = 1.4887. As pre- 
pared above, it appeared to be 90 to 95 per cent pure. The prin- 
cipal impurity, methyl myristate, could not be entirely removed by 
one distillation. Further attempt at purification by fractionation 
was impractical on account of the small quantity of material 
available. 

4.5 gm. of the methyl dibromomyristate as prepared above 
were reduced with zine dust in methyl alcohol by refluxing for 3 
hours. The reduced ester was recovered and distilled. The yield 
was 2.7 gm. (90 per cent of theory); b.p. at 15 mm., 165~-175°. 
Molecular weight of ester, 240.9 (theory 240); iodine number, 
Hanus 2 hours, 101.1 (theory 105.7); n° = 1.4403. Upon analysis 
the following figures were obtained. 


Methyl tetradecenoate. Found. C 74.58, H 11.50 
Calculated. “ 74.93, “ 11.75 
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This compound appears, therefore, to be methyl tetradecenoate of 
more than 95 per cent purity. The ester gave what we believe to 
be an anomalous melting point, —63° to —62° after softening at 
—64°. Not enough of the ester was available to study the free 
acid or to establish the position of the double bond. The presence 
of this acid in the next two higher fractions has been confirmed 
by a similar process; the impure methyl tetradecenoate thus pre- 
pared had an iodine number of 93.6 and a molecular weight of 
249.1. | 
Assuming the unsaturation in Fractions 23 to 27 to be entirely 
due to this ester, the original specimen of butter must have con- 
tained 101.7 gm. of tetradecenoic acid or 0.87 per cent. 

Oleic Acid—Since oleic acid has been recognized as a constitu- 
ent of butter fat from the earliest investigations, we have done 
very little work upon it in the present study. The unsaturated 
acids with one double bond, obtained from Fractions 31 and 32 
by the lead soap-ether separation, followed by the barium soap- 
benzene process, were united and distilled. The product was 
oleic acid of high purity; iodine number 89.42; molecular weight 
280.8; (theory 90.1 and 282). On oxidizing by the method of 
Lapworth and Mottram (12) a good yield of dihydroxystearic 
acid was obtained, m.p. 129.5-130°, uncorrected. 

Linoleic Acid—The presence of linoleic acid in butter fat has 
been reported by Hilditch and Jones in 1929 (7) and by Eckstein 
(13) in 1932 who reported from 0.17 to 0.25 per cent. In anumber 
of attempts, however, we have been uniformly unsuccessful in 
demonstrating its presence. On two occasions on which prepara- 
tions of acids were made in order to concentrate this acid if it were 
present crystalline bromides soluble in ether and insoluble in pe- 
troleum ether were obtained. These melted, however, at 156- 
160°. None of the isomeric tetrabromostearic acids previously 
reported melts above 114-115°. One of our tetrabromide prepa- 
rations contained 46.61 per cent bromine. The theoretical bro- 
mine contents of tetrabromides of the C;s, C22, and C2; series are 
53.29, 48.73, and 46.73 per cent respectively. Therefore our tetra- 
bromides are indicative of the presence of either docosadienoic or 
tetracosadienoic acids. 

In view of these deductions and the data given in Table ITI, 
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we believe the presence of ordinary linoleic acid to be very doubt- 
ful. It should be noted, further, that Hilditch and Jones (7) 
based their belief in the presence of linoleic acid on the iodine 
numbers of the unsaturated acids which were in many cases 
higher than 90. This high iodine number can easily be explained 
now by the presence of low molecular weight acids with one double 
bond and iodine numbers greater than that of oleic acid together 
with appreciable amounts of unsaturated acids of high molecular 
weight with two or more double bonds. 

Saturated Acids of High Molecular Weight— Browne (1) in his 
early work reported the presence of hydroxystearic acid in butter. 
Quite recently Hilditch and Jones (7) noted the presence of small 
amounts of saturated fatty acids of higher molecular weight than 
stearic, which in their quantitative work they report as arachidic. 
Our interest in this acid grew out of an experiment on Fraction 
37. 50 gm. of this fraction were saponified with alcoholic potash, 
most of the aleohol removed, and the soaps dissolved in water. 
They were extracted repeatedly with ether to remove the unsaponi- 
fiable portion, which was about 20 per cent. On acidification, 
37.7 gm. of fatty acids were obtained. ‘These were subjected to 
the lead soap-ether separation by which were obtained 17.1 gm. 
of acids from the lead soaps which were insoluble in ether (Sample 
A) and 17.2 gm. of acids from the lead soaps which were soluble in 
ether (Sample B). Analyses gave the following figures: Sample A, 
iodine number 20.3, molecular weight 326.7; Sample B, iodine 
number 141.3, molecular weight 304.6. After six crystallizations 
from cold acetone Sample A gave a molecular weight of 365.9 
and melted at 74.5°. At this point we believed that the acid was 
impure tetracosanoic acid, Cs;H4g02, molecular weight 368. Upon 
analysis the following figures were obtained. 


CaH4sO2. Found. C 77.76, H 13.02 
Calculated. “ 78.18, “ 13.13 


In view of these results a series of fractional crystallizations 
was carried out on the saturated acids obtained from Fractions 
33 to 37 by the lead soap-ether separation. A series of products 
was obtained as follows: 
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Weight M.p. Mean mol. wt. 
gm. °C, 
5.0 74.5 369.1 
1.3 69 .0-70.0 340.0 
3.0 60. 0-61 .0 301.0 
29.0 67 .5-68 .0 285.7 
48.0 Semisolid 293 .6 


These results are not entirely clear; yet they seem to indicate that 
these saturated acids consisted principally of stearic acid and 
tetracosanoic acid, especially since the two intermediate fractions 
were small and the separations seemed to be too easily effected to 
warrant the presence of more than small amounts of the inter- 
mediate acids, arachidic or behenic. 

In order to study further the nature of Sample A above and the 
fraction with the highest melting point (5 gm.) in the tabulation 
above, these were united (about 8 gm.) and subjected to twelve 


TABLE IV 
Results of Fractional Crystallization of Saturated Acids of High Molecular 
Weight 
No. of Insoluble crystals Product in mother liquor 
crystallizations 
M.p. Mol. wt. M.p. Weight Mol. wt. 
gm, 
4 75.0 372.0 72.5 | 0.9 346.7 
8 76.5 373.9 73.0 | 0.5 353 .5 
12 | 77.2 375.3 74.0 | O06 | 360.3 


further ecrystallizations, each time in 500 ec. of acetone. After 
each four of these operations the product was examined and the four 
acetone mother liquors were united, concentrated to small volume, 
and the acids which then precipitated were also examined. The 
results are given in Table IV. 

The final product consisted of pure white needle-like crystals, 
which we believe to be principally tetracosanoic acid, C2;H4gO0- 
(mol, wt. 368), along with lesser amounts of one acid of lower molec- 
war weight, probably behenie acid, Cs2HyOc (mol. wt. 340), and 
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one of still higher molecular weight, probably cerotie acid, 
CogH 5202 (mol. wt. 396). 


SUMMARY 


1. The methy] esters of the fatty acids of a typical specimen of 
creamery butter have been efficiently fractionated into thirty- 
seven fractions, and these fractions subjected to exhaustive ex- 
amination. 

2. Acurve has been plotted based upon the total iodine absorp- 
tion value of each of the fractions, and by means of this curve the 
presence of decenoic and tetradecenoic acids was predicted. 

3. The presence of decenoic (CigH;gQO2) and tetradecenoic 
acids was proved. 

4. The evidence for the occurrence of hexadecenoic (palmitoleic) 
acid and eicosenoic (gadoleic) acid was doubtful. 

5. All attempts to verify the occurrence of ordinary linoleic 
acid failed. | 

6. There seems to be evidence of the occurrence of a Cy, a 
(4, or a Coy acid with two double bonds. 

7. Highly unsaturated acids of the arachidonic type were found; 
these probably belonged to the C22 series. 

8. From the four highest fractions there was isolated a mixture 
of saturated acids of high molecular weight, consisting principally 
of tetracosanoie (lignoceric) acid along with probably small 
:unounts of behenic and cerotie acids. 


We are indebted to the M and R Dietetic Laboratories, Inc., 
for their generous cooperation in furnishing the butter used in 
this investigation. 

The authors wish to acknowledge their indebtedness to Dr. C. 
S. Smith, head of the Department of Physiological Chemistry and 
Pharmacology, for valuable suggestions, advice, and encourage- 
ment during the conduct of this investigation. 
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THE LINOLEIC AND LINOLENIC ACID CONTENTS OF 
BUTTER FAT* 


By H. C. ECKSTEIN 
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of Michigan, Ann Arbor) 
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As a result of dietary studies on the white rat Burr and Burr (1) 
have concluded that the naturally occurring fats are desirable 
constituents of a well balanced diet, not only because of their 
calorific value and vitamin content, but also because many of them 
contain linoleic and linolenic acids. These acids and some fats 
will cure the condition caused by a prolonged fat-free dietary 
régime. Butter fat does not alleviate the condition as well as other 
fats and, as evidence for the assumption that this is due to the 
paucity of linoleic acid in butter, Burr and Burr cite the work of 
Holland and associates (2) in which the presence of fatty acids 
more highly unsaturated than oleic acid in butter was questioned. 
In marked contrast with that report one finds that Hilditch and 
his coworkers (3, 4) have come to the conclusion that butter fat 
may contain as much as 4.5 per cent of linoleic acid. In both 
instances the linoleic acid content was calculated from the iodine 
values of the various fractions obtained from the distillation of the 
methyl esters. Owing to the discrepancy between these two 
reports it seerned desirable to reinvestigate the matter and it is 
the purpose of this paper to contribute further to this question by 
employing a different method of procedure. : si 

In order to rule out individual variations in the butters examined 
in attempt was made to secure samples which were typical of the 
product manufactured in rather wide areas. This was made 
possible through the courtesy of the Department of Dairy Hus- 
bandry of Michigan State College. Three samples were thus 

* A preliminary report of this work was presented before the American 
Society of Biological Chemists at Philadelphia, April, 1932. 
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obtained. One was a composite made from samples sent to East 
Lansing by creameries in the upper peninsula, another from prod- 
ucts sent in from the northern portion of the lower peninsula, and 
the third from the material produced in various parts in the 
southern part of the lower peninsula. A fourth sample was ob- 
tained from a large Detroit creamery and is typical of the butter 
manufactured in this region. The Department of Dairy Hus- 
bandry of Michigan State College also supplied the writer with 
samples of cream obtained from the milk of cows on known 
rations. 

The following is a brief description of the analytical procedure. 
Inasmuch as a large amount of material was available, it was 
possible to make the analyses on 500 gm. portions of the com- 
posites. ‘The method described by Marcus (5) was found to be 
ideal for saponifying this material, since it is applicable to large 
amounts and the reaction goes to completion in a comparatively 
short time. The non-saponifiable matter was removed by extrac- 
tion with ethylene dichloride and the fatty acids were separated 
into two groups by means of the well known lead salt method, with 
95 per cent ethyl alcohol as the solvent. The acids in the liquid 
fraction were dissolved in petroleum ether (b.p. 35-40°) and 
halogenated at a low temperature (in an ice bath) with liquid 
bromine. ‘The bromides which separated out were first divided 
into ethyl ether-soluble and ethyl ether-insoluble fractions. The 
bromine content of the ether-soluble derivatives agreed well with 
the theoretical value for tetrabromostearic acid and hence the 
linoleic acid contents of the butter fats were calculated from the 
weight of these ethyl ether-soluble bromides. Most of the ethyl 
ether-insoluble bromides were soluble in hot benzene and had a 
bromine content which checked well with that of hexabromostearic 
acid. A small portion, less than 10 per cent, of the ether-insoluble 
portion was found to be insoluble in hot benzene and it is therefore 
probable that butter fat may contain fatty acids more highly 
unsaturated than linolenic acid. Sufficient material was, how- 
ever, not available to determine the nature of these bromides and, 
in making the calculations for linolenic acid, it was assumed that 
all of the ethyl ether-insoluble derivatives were hexabromides. 

The summary in Table I shows the linoleic and linolenic acid 
contents of the different samples of butter fat as caleulated from 
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the weight of the crystalline bromides. It is evident from Table I 
that the values obtained by the writer for linoleic acid are much 
smaller than those reported by Hilditch et al. In an early paper 
Hilditch and Jones (3) state that a substance having properties of 
the bromides of fatty acids more highly unsaturated than linoleic 
acid was obtained when the liquid fraction of the fatty acids of 
butter was brominated. This has been confirmed by the writer. 
Since the iodine number of these more highly unsaturated fatty 
acids is higher than that of linoleic acid, it follows that any cal- 
culation made for linoleic acid based on iodine values will give 
results which are too high. While this may account for some of 
the difference between the author’s results and those published 
by Hilditch and associates, the writer does not believe that it can 
account for all of it. 


TABLE I 


Linoleic and Linolenic Acid Content of Butter Fat As Calculated from Weights 
of Crystalline Bromides 


Source of butter fat Linoleic acid | Linolenic acid 
per cent per cent 
Northern part of lewer peninsula............... 0.23 0.17 


In addition to the work just referred to the author made a frac- 
tional distillation of the methyl esters of the acids in the liquid 
fraction of the Detroit butter. The iodine numbers of the three 
highest boiling fractions were, in order of increasing boiling points, 
93, 98, and 117. These values are like those reported by Hilditch 
and coworkers for a butter containing, according to their method of 
calculation, 3.7 per cent of linoleic acid. In spite of the similarity 


in iodine numbers of these high boiling fractions the bromination 
method showed only 0.17 per cent of this acid in the Detroit 
butter. 

In order to obtain further information on the question it was 
decided to make a study of the bromination method by adding 
known amounts of linoleic acid to portions of the Detroit butter 
and determining how much of the added material could be re- 


138 Unsaturated Fatty Acids of Butter 


covered in the form of crystalline tetrabromides. Similar experi- 
ments were conducted with linolenic acid. Both of the acids were 
prepared according to the method of Rollet (6). When 5 gm. of 
linoleic acid! were added in the form of the methyl] ester to 100 gm. 
of the butter from the Detroit region, the additional amount of 
tetrabromides isolated was only 40 per cent of the amount which 
should have been secured. In another experiment the recovery 
was only 38 per cent. Further work showed that when the ester 
itself was saponified and then brominated the yield of tetra- 
bromides was but 47 per cent. The results secured with the pure 
ester are in line with observations made by Rollet who reported a 
50 per cent yield of solid tetrabromides under similar experimental 
conditions. Rollet concluded that his poor yields were due to the 
fact that in addition to forming crystalline bromides linoleic acid 
also forms oily bromo derivatives. The writer observed this 
same phenomenon in the recovery experiments as well as in those 
made on the unadulterated butters, but did not take these facts into 
consideration in making the calculations for linoleic acid. It is 
therefore quite likely that the poor recoveries obtained are, to 
some extent, at least, due to the formation of such bromides. 
When linolenic acid was added to butter fat, the recovery in the 
form of crystalline bromides was even poorer than in the case of 
linoleic acid. In one instance, the recovery was 18 per cent, and 
in another, only 16 per cent. When the ester itself was saponified 
and then halogenated, the yield of ether-insoluble bromides was 
only 22 per cent. ‘These observations are also in accordance with 
those reported by Rollet. It is evident therefore that the results 
shown in Table I are too low; but even if one assumes in the light of 
the recovery experiments that the values obtained indicate only 50 
per cent of the linoleic acid actually present in the fats examined, 
the figures obtained by making such a correction would by no 
means approach those given by Hilditch. The writer's results 
are in accordance with the findings of Burr and Burr (1) who 
showed that butter does not readily cure rats that had been on 
fat-free diets for a long time. If butter fat contains as much 
linoleic acid as is indicated from the work of Hilditch and asso- 


1 This amount was chosen in order that the so adulterated butter would 
have a content of linoleic acid somewhat like that reported by Hilditch and 
associates. 
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ciates, one would expect it to alleviate the condition in rats much 
better than it actually does. 

The other experiments are concerned with the nature of the 
fat in milk obtained from cows on known rations. One sample 
of cream was obtained from a herd on a diet consisting entirely 
of alfalfa hay and corn silage, a second from a group in which 
the above ration was supplemented with linseed meal, and a third 
in which cottonseed meal was used as the supplement. ‘The fat 
was separated from the cream by mixing it with 2 volumes of 95 
per cent ethyl alcohol, bringing the mixture to the boiling point, 
cooling, diluting with 2 volumes of water, and extracting the fat 
with ethyl ether. The percentages of linoleic and linolenic acids 
determined as before are presented in Table Il. Those data show 
that the linoleic acid content of cream is affected by diet, for when 


TABLE II 
Linoleic and Linolenic Acid Content of Fat in Creams of Milk Produced by 
Cows on Different Rations As Calculated from Weights of 
Crystalline Bromides 


Constituents of rations Linoleic acid | Linolenic acid 
ey per cent per cent 
Alfaiia hay + Gorm ... 0.34 0.13 
+ linseed meal....... 0.52 0.15 
“ + cottonseed meal.... 0.19 0.11 


the alfalfa hay-corn silage ration was supplemented with linseed 
meal, an increase in the linoleic acid content of the milk fat took 
place. This was rather expected in view of the fact that the fat 
in the supplement has a comparatively high iodine number. In 
contrast with these results the data show that when cottonseed 
meal was added a decrease in the amount of the linoleic acid con- 
tent took place in spite of the fact that the fat in that meal also 
has a relatively high iodine number. ‘The literature shows that 
the anomalous behavior of cottonseed meal has been encountered 
before; Harrington and Adriance (7) found that it had a hardening 
effect on the lard produced by hogs and in the dairy industry it 
has been observed (8) that the so called tallowy butter is produced 
as a result of its ingestion. In contrast with the differences noted 
for linoleic acid, the results in Table II show that the linolenic acid 
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content of the creams was very constant. While some increases in 
the linolenic acid content of body fat have been noted when fats of 
rather high iodine number were ingested, the increments observed 
were in no instances like those found for linoleic acid (9). 


SUMMARY 


The linoleic and linolenic acid contents of samples of butter 
fat representative of the product produced in the state of Michigan 
were calculated from the weights of crystalline bromide fraction. 

By means of this procedure it was calculated that the linoleic 
acid content of the butter fats analyzed ranged from 0.17 to 0.25 
per cent. 

The linolenic acid content varied from 0.07 to 0.17 per cent. 

The values shown for these unsaturated acids are probably too 
low, since a study made of the methods used for determining them 
showed that when they were added to butter poor recoveries were 
obtained. 

It was demonstrated that the linolenic acid content of butter 
fat could be increased by including linseed meal in the ration of 
COWS. 
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Despite the very considerable amount of experimental work 
which has been concerned with the problem of hippuric acid syn- 
thesis, the evidence as to the organ or organs which function im- 
portantly in this synthesis is conflicting. Chief among the organs 
which have been considered as active in the formation of hippuric 
acid are the kidneys and the liver. The literature has been well 
summarized by Quick (1). While the hypothesis that, in the dog, 
the synthesis of hippuric acid occurs only in the kidney appears 
to be well founded (1), the site of synthesis in other laboratory 
animals such as the rabbit has not been extensively studied. It 
is notable that the rabbit and the dog differ significantly in their 
response to the administration of benzoic acid or its salts. 

The investigations to be reported in the present communication 
are concerned with the rate of synthesis of hippuric acid in normal 
rabbits and in rabbits poisoned by the injection of hydrazine. Hy- 
drazine was chosen because it is believed to be a toxic agent which 
affects primarily the liver (2, 3). Since it has been maintained 
that liver damage results in a depression of the synthesis of hip- 
purie acid (4, 5), it was hoped that studies of hydrazine poisoning 
might offer some evidence as to the réle of the liver in the detoxica- 
tion of benzoic acid in this species. 

As far as we have been able to ascertain, experimental work con- 


* This work was done during the tenure of a scholarship from Howard 
University, made available by a grant from the General Education Board. 
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cerned with the influence of hydrazine on hippuric acid synthesis 
has been limited to the studies of Lackner, Levinson, and Morse 
(5) on dogs. ‘These experiments are of doubtful significance, since 
the analytical methods used were not adequate and failed to dis- 
tinguish between benzoic acid, free or in combination either with 
glycine or glucuronic acid. It was considered that all the benzoic 
acid present was conjugated with glycine as hippuric acid. 


EXPERIMENTAL 


‘The studies were carried out with male rabbits ranging in weight 
from 1.9 to 3.4 kilos, which were maintained on a uniform daily 
diet of 125 gm. of cabbage and 70 gm. of oats. On the experimen- 
tal days on which benzoic or hippuric acid was administered, 
food was withheld for 24 hours. The animals were kept in the 
usual metabolism cages and the urines were collected quantita- 
tively over 6, 18, or 24 hour periods. Any urine voided in the 
cage was received into a bottle containing 2 per cent nitric acid in 
order to prevent any hydrolysis of hippuric acid which might oc- 
cur in an alkaline urine on standing (6). 

The benzoic acid and hippuric acid were fed as the sodium salts 
through a soft rubber catheter introduced into the stomach in 
amounts equivalent to 660 mg. of benzoic acid per kilo of body 
weight. It has been suggested that in impairment of the func- 
tion of the liver, defective hippuric synthesis may be occasioned 
by the failure of the liver to supply glycine in amounts adequate 
for conjugation with the benzoic acid (7, 8). It seemed particu- 
larly important, therefore, in the present series of experiments to 
provide an adequate supply of glycine, so that if any changes in 
the hippuric acid elimination were observed in hydrazine poison- 
ing, they might be ascribed to a delayed or faulty synthesis of the 
hippuric acid and not to a lack of glycine for synthesis. Since 
Griffith and Lewis (9) showed that the elimination of hippuric 
acid by the rabbit was more rapid if glycine were administered with 
the benzoic acid, we have fed glycine in these experiments in 
amounts equivalent to 3 mols of glycine for each mol of benzoic 
acid fed. 

The general procedure consisted in the determination of the rate 
of excretion of hippuric acid by the normal animal after the in- 
gestion of benzoic acid or hippuric acid and glycine. This was 
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usually repeated several times in order to determine the normal 
variation in the rate of the synthesis and excretion in each animal. 
The experiments were then repeated after the production of he- 
patic injury by the subcutaneous injection of hydrazine sulfate (usu- 
ally 87 mg. per kilo of body weight). The most marked symptoms 
of intoxication with this dosage were evident within 6 hours. 
The benzoic (or hippuric) acid and glycine were fed 6 hours after 
the injection of the hydrazine. After 24 hours, the toxie symp- 
toms of hydrazine poisoning were rarely to be observed and, by 
the 2nd day, the animals usually ate the daily ration readily. 
At the end of the experiments, the animals were killed and patho- 
logical examination of the livers was made possible by the co- 
operation of Dr. Carl V. Weller of the Department of Pathology 
of this University. The typical pathology of the liver poisoned 
with hydrazine (2, 3) was almost invariably seen. 

I'ree benzoic acid was determined by the method of Raiziss and 
Dubin (10), benzoic acid in conjugation with glycine (7.e., hip- 
purie acid) by the method of Griffith (11), and total benzoie acid 
by the method of Kingsbury and Swanson (12). Asa check on the 
completeness of the collection of the samples, particularly in the 
6 hour periods, creatinine was determined by the usual colorime- 
tric method. 


DISCUSSION 


All the figures in Tables I to V are calculated in terms of “extra” 
benzoic acid; 7.e., the amount of benzoic acid excreted in the urine 
of the experimental period minus the normal excretion of benzoic 
acid for the period under consideration (as determined by analysis 
of the urines of the normal control periods in which no benzoic 
acid was fed). All the percentages represent the excretion of 
“extra” benzoic acid calculated as percentage of the benzoie acid 
fed. We consider the values for the 6 hour periods immediately 
following administration of the acid as most significant, since it 
has been shown (9), that, if an abundant supply of glycine is 
available, rabbits excrete the greater part of the ingested benzoic 
acid as hippuric acid within this period. Moreover, it was be- 
lieved that, since hydrazine in non-lethal doses could hardly be 
expected to produce a complete lack of function of the liver 
within 6 hours, variations in the rate of excretion over the 
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shorter period would be far more significant as an indication of 
impairment of liver function than the total synthesis and excre- 
tion in the longer period of 24 hours. This expectation was borne 
out by the results of the experiments, since, in hydrazine poison- 
ing, the total excretion of hippuric acid was seldom significantly 
altered in the 24 hour period, while the amount of hippuric acid 
synthesized and excreted in the first 6 hour period showed notable 
decreases. 


TABLE I 
Excretion of ‘Extra’ Benzoic Acid by Normal and Hydrazinized Rabbits 
after Oral Administration of Sodium Benzoate and Glycine 


The results are calculated as per cent of ingested benzoate eliminated as 
total benzoic acid and as hippuric acid. 


Extra benzoic acid excretion 
Period Total As hippuric acid 
hrs. 
Normal (37)* 
6 91.0; 54.0} 71.0} 81.0 | 48.9 | 65.3 
18 41.0 9.0 | 24.0; 41.0 8.0 | 22.0 
24 95.0 87.3 
Hydrazine poisoning (6)* 
6 58.0 | 34.4 | 46.7) 58.0] 31.2) 438.7 
18 46.2| 23.5; 40.0) 44.9] 32.2] 38.7 
24 86.7 82.4 


* Figures in parentheses refer to the number of experiments included 
in the average. 


Inspection of Table I, in which the results of all the experiments 
with sodium benzoate are summarized, shows that in normal rab- 
bits during the first 6 hour period after the administration of the 
benzoate, approximately two-thirds of the ingested benzoic acid 
was excreted as hippuric acid and about 87 per cent in the 24 
hour period, figures which are in agreement with those previously 
obtained (9) in this laboratory under similar conditions. After 


poisoning with hydrazine, the excretion for the 6 hour period was 


! 
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much decreased. The average excretion in hydrazinized animals 
was 43 per cent of the intake during this period. On the other 
hand, the total excretion of hippuric acid in 24 hours, while slightly 
less than the normal value, was not significantly altered. That 
the decreased excretion of hippuric acid was not accompanied by 
an increased excretion of either free benzoic acid! or benzoic acid 


TABLE II 

Excretion of “‘Extra’’ Benzoic Acid in 6 Hour Period following Oral Ad- 

ministration of Sodium Benzoate and Glycine to Normal and to Hydra- 

zinized Rablits 

The benzoic acid (660 mg. per kilo of body weight) was administered in 
the form of the sodium salt with 3 equivalents of glycine. Hydrazine 
sulfate (equivalent to 87 mg. per kilo of body weight except where indi- 
cated) was injected subcutaneously. 


Normal | After hydrazine 
Extra benzoie acid excreted 
Total As hippuric acid Total As hippuric acid 
gm. | gm. | ake | | | om. | | 
4 1.386 | 1.270 91.0 | 1.130 81.0 
1.386 | 1.210 86.0 | 1.060 | 76.0 
1.386 | 1.154 | 83.0) 1.000 | 76.0 | 0.762) 55.0 | 0.717 | 50.9 
9* | 1.786 | 1.170 | 65.0 | 1.150 | 64.0 
1.786 | 1.420 79.0 | 1.325 74.0 | 
1.786 | 1.489 83.5 | 1.381 78.0 | 0.787 | 44.1, 0.719 | 40.3 
1.786 | 1.204 | 67.5 | 1.148 | 64.4 | 
13 2.244 | 1.288 57.4 | 1.206 53.8 | 
2.244 | 1.505 66.6 | 1.344 59.9 | 0.773 | 34.4 | 0.700 | 31.2 


* Hydrazine sulfate equivalent to 65 mg. per kilo of body weight was 
injected subcutaneously. 


in conjugation with some substance other than glycine is evident 
from a consideration of the relation between the values for total 


' It may be noted that the excretion of free (unconjugated) benzoic acid 
has been shown to be very slight if glycine is fed with the benzoate and the 
amount of benzoate administered is moderate (9). No significant amounts 
of free benzoic acid were excreted by either the normal or hydrazinized 
rabbits. The difference between the total benzoic acid and benzoic acid 


as hippuric acid represents, for the most part, benzoic acid conjugated with 
some substance other than glycine. 


| 
| 
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benzoic acid and for benzoic acid excreted «as hippurie acid in 
the normal and hydrazinized animals. If the excretions for the 
24 hour period alone were considered, there would be little indica- 
tion of any abnormality in the conjugation of benzoic acid and the 
excretion of hippuric acid in hydrazine poisoning. Studies of the 
excretion over shorter periods of time show that, after the ad- 
ministration of hydrazine, the animals were unable to accomplish 
the synthesis and excretion as rapidly as did the normal rabbits. 


TABLE III 

Excretion of “Extra’’ Benzoic Acid by Normal and Hydrazinized Rabbits 
after Oral Administration of Sodium Hippurate and Glycine 

The results are calculated as per cent of ingested benzoate eliminated as 

total benzoic and as hippurie acid. 


Extra benzoic acid excretion 
Period Total As hippuric acid 
Normal (14)* 
6 80.0 51.6 67.8 72.2 49.9 62.6 
18 51.6 16.0 | 29.0; 48.4{ 16.0] 27.1 
24 96.8 89.7 
Hydrazine poisoning (4)* 
6 46.5 16.9 30.9 43.0 15.4 28.4 
18 63.6 53.2 57.5 59.0 45.0 52.5 
24 | | 88.4 80.9 


* Figures in parentheses refer to the number of experiments included in 
the average. 
This is still more clearly shown by Table II in which the excretions 
of the 6 hour period are presented in detail for three of the six 
experimental animals. | 

It was considered of interest to study also the influence of hy- 
drazine on the excretion of hippuric acid in rabbits after oral ad- 
ministration of hippurie acid and glycine. The rate of excretion 
of hippuric acid after feeding hippurie acid is similar to that ob- 
served after feeding benzoate (13) and the simultaneous adminis- 
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tration of glycine with the hippuric acid likewise results in a sig- 
nificant increase in the rate of excretion of hippuric acid. ‘These 
facts led Griffith (13) to believe that hippuric acid is hydrolyzed in 
the intestine (14) and that the absorbed benzoic acid is resynthe- 
sized to hippuric acid by the organism. In Tables III and IV are 
presented data, comparable to those of Tables I and II, obtained 
after oral administration of hippuric acid and glycine. In con- 


TABLE IV 
Excretion of “Extra” Benzoic Acid in 6 Hour Period following Oral 
Administration of Sodium Hippurate and Glycine to Normal and to 
Hydrazinized Rabbits 

The hippuric acid (equivalent to 660 mg. of benzoic acid per kilo of body 
weight) was administered in the form of the sodium salt with 3 equivalents 
of glycine. Hydrazine sulfate (equivalent to 87 mg. per kilo of body weight 
except where indicated) was injected subcutaneously. 


H Normal | After hydrazine 
ace fed,; | 
Extra benzoic acid excreted 
benzoic 
acid Total As hippurie acid Total As hippurie acid 
gm. | gm. | 9™- | | 9m | | 
4 1.386 | 1.018 | 73.0 | 0.951 69.0 
1.386 | 0.934 | 67.0 | 0.893 | 64.0 | 0.645 | 46.5 | 0.597 | 43.0 
9* | 1.782 | 0.919 51.6 | 0.890 49.9 
1.782 | 0.971 54.5 | 0.893 50.0 | 0.535 | 30.0 | 0.495 | 27.8 
13 2.244 | 1.690 | 75.3 | 1.620 ; 72.2 
2.244 | 1.324 59.0 | 1.260 56.2 
2.244 1.489 66.4 1.427 63.6 
| 2.244 1.360 | 60.5 | 1.327 59.2 


0.380 | 16.9 | 0.329 | 15.4 


* Hvdrazine sulfate equivalent to 65 mg. per kilo of body weight was 
injected subcutaneously. 


firmation of the observations of Griffith (13), the excretions of 
hippurie acid in the 6 hour periods after the oral administration 
of hippurie acid and of benzoic acid were practically identical. 
In hydrazine poisoning the rate of excretion of hippuric acid after 
feeding hippuric acid was also much depressed. 

It is possible that the lowered rate of excretion observed in hy- 
drazine intoxication might have been the result of a change in the 
permeability of the intestinal mucosa, due to the toxic effects of 


j j 
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hydrazine, which would diminish the rate of absorption of the 
benzoate and thus alter the rate of synthesis. Hydrazine is not 
_known to influence the intestinal permeability and it seems im- 
probable that the absorption could have been so greatly decreased 
as to result in the marked changes in the excretion of hippuric acid 
which were observed. 

It has been shown (9) that there is no delay in the excretion of 
hippuric acid once formed and present in the blood stream. ‘The 
rate of excretion of hippuric acid is at least as rapid as the rate of 
its synthesis in the normal rabbit. If hydrazine caused an im- 
pairment of kidney function, it is possible that the rate of synthe- 
sis would exceed the rate of excretion by the kidneys so that re- 
sults similar to those observed in these experiments would be 
obtained. There is no evidence to indicate such an action of 
hydrazine. Direct and convincing proof of the réle of changes in 
absorption from the intestine or impairment of the function of the 
kidneys in influencing hippuric acid synthesis and excretion in 
hydrazine poisoning could have been obtained by studies, similar 
to those discussed here, in which sodium benzoate was introduced 
directly into the blood stream. J!xperiments of this type were 
attempted, but invariably the combined toxicity of the hydrazine 
and the benzoate was so great that the animals did not survive the 
injections. 

Hydrazine is known to produce serious hepatic injury. Mor- 
gulis, Pratt, and Jahr (7) considered that the rédle of the liver in 
the conjugation of benzoic acid was a preliminary one; namely, 
the production of the glycine required. More recently Quick 
(8) has stated that the synthesis of glycine is effected by the liver 
and that, in hepatic disease, a decrease in the excretion of hippuric 
acid should be observed because of the inability of the liver to pro- 
duce the glycine required for the synthesis. In the present work, 
the supply of glycine can hardly be a factor, since glycine in 
amount considerably in excess of that required for conjugation 
with the benzoic acid was fed. While we feel that the other fac- 
tors discussed cannot be excluded entirely, we believe in the light 
of our own experiments and of other evidence that the decreased 
excretion of hippuric acid in hydrazinized rabbits is to be asso- 
ciated with hepatic injury and a failure to conjugate the benzoic 
acid with the glycine as effectively as in the normal animal. 
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Certain questions of interest concerning the ability of the or- 
ganism of the normal rabbit to synthesize hippuric acid are sug- 
gested by these studies. As previously stated, all animals re- 
ceived the same amount of benzoic acid per kilo of body weight. 
However, owing to differences in the weights of the experimental 
animals, the absolute amounts of benzoic acid fed varied con- 
siderably. As the absolute amount of benzoic acid fed increased, 
there was not observed a proportionate increase in the excretion 
of hippuric acid in the 6 hour period. ‘This is shown in Table V. 
Thus Rabbit 4, weighing 2.1 kilos, excreted in 6 hours 1.062 gm. 
of benzoic acid as hippuric acid or 76 per cent of the benzoic acid 
fed, while Rabbit 13, a much larger animal, weighing 3.4 kilos, 


TABLE V 
Excretion of “Extra”? Benzoic Acid As Hippuric Acid in Rabbits of Varying 
Weight after Oral Administration of Sodium Benzoate and Glycine 
All the animals received the same amount of benzoic acid per kilo of 
body weight, 0.660 gm. 


ja: at ras Benzoie acid | Extra benzoic acid excreted as | No. of experi- 
Rabbit No. Weight fed hippuric acid in 6 hr. period j|ments averaged 
4 2.1 1.386 1.062 76.6 3 
9 | BY 1.782 1.251 70.2 4 
7 | a.2 2.112 1.216 57.3 7 
13 | 3.4 2.244 1.207 53.8 3 


excreted in the same period 1.207 gm. or 53 per cent of the amount 
fed. Quick (8) has made similar observations in man. Despite 
marked increases in the amount of benzoic acid fed, it was not 
possible to increase the hourly excretion of hippuric acid above a 
certain maximal value. He considered that this fixation of the ex- 
cretion of hippuric acid in man was due to a limitation of the syn- 
thesis of glycine since the hourly excretion of hippuric acid could 
be increased markedly by the administration of glycine. In our 
experiments with rabbits, glycine equivalent to 3 times the amount 
of benzoic acid was fed with the benzoic acid, so that an excess of 
the amino acid over that needed for the synthesis should have been 
present, even when the larger amounts of benzoic acid were fed. 
The results suggest that there may be a maximal rate at which 
synthesis of hippuric acid can take place even in the presence of 
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an abundant supply of glycine. It is proposed to investigate this 
question further. 


SUMMARY 


1. A comparison has been made of the rate of excretion of hip- 
puric acid after the oral administration of sodium benzoate and 
glycine to normal rabbits and to rabbits poisoned with hydrazine. 

2. The excretion of hippurie acid during the first 6 hours after 
administration of the benzoate in hydrazine intoxication was much 
less than that of normal rabbits. Failure of a supply of glycine 
adequate for the synthesis was not a significant factor since 3 
equivalents of glycine were always fed with the benzoate. The 
synthesis and excretion appeared merely to be delayed in hydra- 
zine intoxication, since the total excretion over a period of 24 hours 
was only slightly less than that of normal animals. 

3. The decreased excretion of hippuric acid was not accom- 
panied by a correspondingly increased excretion of either free 
benzoic acid or benzoic acid conjugated with some substance other 
than glycine. 

4. Similar results were obtained after feeding sodium hippurate 
and glycine to hydrazinized rabbits. 

5. Since hydrazine is associated with hepatic injury primarily, 
the results of these experiments can best be explained on the basis 
of a delayed synthesis of hippurie acid by the liver, even in the 
presence of glycine in excess of the amount required for the com- 
bination with benzoie acid. 
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STUDIES IN THE SYNTHESIS OF HIPPURIC ACID IN 
THE ANIMAL ORGANISM 
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EXCRETION OF HIPPURIC AND PHENACETURIC 
ACIDS BY THE RABBIT 
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of Michigan, Ann Arbor) 
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The purpose of the experiments presented in this paper was to 
compare the behavior of benzoic acid and its next higher homo- 
logue, phenylacetie acid, in the organism of the rabbit. Phenyl- 
acetic acid, like benzoic acid, may be conjugated with glycine and 
the conjugation product, phenaceturic acid, the homologue of 
hippuric acid, excreted by the kidneys. Less attention has been 
given to the biological behavior of this acid than to that of the 
homologous benzoic acid. It is generally assumed that in the 
rabbit the site of synthesis of phenaceturic acid is the same as 
that of hippurie acid and that it is eliminated by the kidneys under 
the same conditions. During the progress of this work, Quick 
(1) reported a similar comparative study of the behavior of ben- 
zoic and phenylacetie acids in the dog. As will be shown, the 
rabbit and the dog differ somewhat in their response to the ad- 
ministration of these acids. 

It is known that the organism of the rabbit can synthesize hip- 
purie acid readily but that the supply of glycine available is an 
important factor which limits the rate of synthesis (2, 3) in this 
species. The rate of excretion of hippuric acid has been shown to 
be increased if glycine is fed with the benzoate. Is the synthe- 
sis of phenaceturic acid also readily accomplished in the organism 
of the rabbit? Can the formation and excretion of phenaceturic 


* This work was done during the tenure of a scholarship from Howard 
University, made available by a grant from the General Education Board. 
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acid be facilitated by the administration of glycine with the phe- 
nylacetic acid? It is with these problems that the experimental 
work here reported is concerned. 


EXPERIMENTAL 


The procedure was similar to that used in earlier experiments on 
the rate of excretion of hippuric acid as influenced by the adminis- 
tration of glycine with the sodium benzoate (2) and to that of 
Paper VIII (4). Benzoie acid in amounts equivalent to 0.660 
gm. per kilo of body weight was administered as the sodium salt 
and phenylacetic acid, likewise as the sodium salt, in amounts 
equivalent to 0.736 gm. per kilo (7.e., the molar equivalent of 0.660 
gm. of benzoic acid). In a few experiments, phenaceturic acid in 
amounts equivalent to the phenylacetic acid was administered. 
This phenaceturic acid, prepared from the urine of rabbits fed 
phenylacetie acid and glycine or gelatin by a slight modification 
of the method of Suzuki (5), melted at 142° and, on titration, a 
molecular weight of 195 was indicated (theoretical, 193). The 
sodium salts, when injected, were introduced into the marginal 
ear vein without the use of anestheties. 

As phenylacetie acid and its conjugated derivatives react in 
much the same manner as do benzoic acid and its conjugated de- 
rivatives, the same analytical methods were used for the deter- 
mination of the total phenylacetic acid, free phenylacetic acid, 
and phenylacetiec acid in combination with a nitrogenous com- 
pound (7.e. phenaceturic acid!) as for the determination of the 
corresponding derivatives of benzoic acid, as outlined in Paper 
VIII (4). Since phenaceturie acid is less readily soluble in ether 
than is hippuric acid, the ether extraction in the Griffith method 
was continued for 2 hours in order to obtain complete removal of 
the acid by the ether. 
| DISCUSSION 


The excretions during the first 6 hours immediately after the 
administration of the salts of the organic acids are represented 


1 Although glutamine is known to be conjugated with phenylacetic acid 
in man (6), so far as is known this mechanism of detoxication is not em- 
ployed in the organism of the rabbit. Hence we have calculated all the 
material determined by the Griffith method after the administration of 
phenylacetic acid as phenaceturic acid. 
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graphically in Chart 1, which summarizes the experimental data 
obtained with five animals. The data obtained after the ad- 
ministration of benzoic acid with or without supplements of amino 
acids (glycine, alanine) are in harmony with the work previously 
reported from this laboratory (2) and differ markedly from the 
results of the experiments in which phenylacetie acid was adminis- 
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Cuart 1. The average urinary excretion of ‘‘extra’’ benzoic and phenyl- 
acetic acids in the 6 hour period immediately after the administration of 
the sodium salts of these acids. The entire column represents the excre- 
tion of total benzoic or phenylacetic acid. The unshaded portion repre- 
sents the amount of these acids excreted in conjugation with glycine (7.e. 
hippuric or phenaceturic acid). In series A, B, EF, and F, 3 equivalents of 
glycine were fed; in series C and G, no amino acid was administered; and 
in series D and H, 3 equivalents of alanine were fed. The salts of the or- 
ganic acids were administered orally except in series B and F, in which they 
were injected intravenously. All animals received equivalent amounts of 
the organic acids per kilo of body weight (see text). 


tered. The elimination of hippuric acid was greatly increased 
when glycine was fed with the benzoate (A, Chart 1), while the 
feeding of alanine (2), Chart 1) did not result in an inereased rate 
of exeretion as compared with experiments in which no supple- 
mentary amino acid was fed with the benzoate (C, Chart 1). 
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That the effect of the glycine was not due to an increased rate of 
absorption of the benzoate from the intestine was shown by the 
experiments in which glycine was fed and the benzoate was in- 
jected directly into the blood stream (B, Chart 1). Although the 
total benzoie acid excreted was increased as compared with the 
excretion after the oral administration, the hippuric acid excre- 
tion was essentially the same. Since in previous work (2) hip- 
purie acid when injected intravenously has been shown to be ex- 
creted rapidly, these results are interpreted as indicating that the 
rate of absorption of the benzoate from the intestine, in the dosage 
used, is at least as rapid as the rate of synthesis, even in the pres- 
ence of glycine. 

The excretion of phenaceturie acid occurred much less rapidly 
than did that of hippuric acid. When no glycine was fed with the 
phenylacetie acid (G, Chart 1), approximately 6 per cent of the 
amount administered was excreted as phenaceturie acid within 6 
hours, as compared with approximately 37 per cent of the ingested 
benzoic acid as hippuric acid. The simultaneous administration 
of glycine with the phenylacetie acid (4, Chart 1), while it re- 
sulted in an increase in the excretion of phenaceturic acid, about 
21 per cent of the ingested phenylacetic acid, did not result in as 
notable a synthesis of phenaceturic acid as was observed in the 
ease of hippuric acid when the benzoate and glycine were fed to- 
gether. The feeding of alanine did not influence the excretion of 
phenaceturie acid (//, Chart 1). Sinee the amount of phenace- 
turie acid in the urine in the 6 hour period was not greater when 
the phenylacetic acid was injected intravenously (/, Chart 1), 
slower absorption from the intestine can hardly be a factor of im- 
portance in the delay in conjugation of phenylacetie acid with 
glycine. Since phenaceturic acid, like hippuric acid, introduced 
directly into the blood stream (Rabbit 31, Table I) was found to be 
excreted rapidly by the kidneys, we believe that the experiments 
discussed indicate that the capacity of the organism of the rabbit 
to conjugate phenylacetic acid with glycine is inferior to its capac- 
ity to synthesize hippuric acid under comparable conditions. As 
is shown in Chart 1 (/ and G), the supply of glycine was one factor 
which limited the synthesis of phenaceturie acid. Nevertheless, 
even in the presence of glycine, the rate of synthesis and excretion 
was much lower than the rate observed when benzoic acid was fed 
without any supplement of glycine. 


TABLE I 
Excretion of Free Benzotc, ‘‘Ezxtra’’ Total Benzoic, and Hippuric Acids 
and Free Phenylacetic, ‘‘Extra’’ Total Phenylacetic, and Phenaceturic 
Acids in 6 Hour Period Immediately following Ingestion of Sodium 
Salt of Benzoic or Phenylacetic Acid Alone and with Glycine 
or Alanine 
The amounts of the acids were molar equivalents, 0.660 gm. and 0.735 
gm. of benzoic acid and phenylacetic acid per kilo of body weight. Except 
where indicated all the substances were administered orally. 
S Extra benzoic or 
phenylacetic acid 
excreted as 
A Amino acid fed Acid administered 
“$s Hippuric 
2 Total or phenace- 
turic acid 
per per 
gm, gm. gm mols gm. 
take take 
14 Glycine 3 Benzoic 1.650 
1.650 
Alanine 3 Benzoic 1.9807 
0.1070 Glycine 3 Phenylacetic 1.839 
0.005. 0.543 29.50.536/29.1 5 ™ 1.839 
9.3 0 1.839 
0.0280 .444'24. 610 .464'25.8 3 1.800 
0 .040'0.095) 4.3.0.085! 3.9} Alanine 3 Phenylacetic 2.207 
29 0.007)1.182\74.5)1.129'71.3) Glycine 3 Benzoic 1.584 
.022)0.771/48 . 7/0 .666 0 1.584 
0.1390 .606 39. 7/0 .367/24.0 0) 1.525 
0.012}0.604 38.1/0.58136.6; Alanine 3 Benzoic 1.584 
0.005,0 356/20 Glycine 38 Phenylacetic 1.765 
0.054:0.158! 9.00.086) 4.9 0 1.765 
0.0150. 203/10 3 2.000 
0.070/0.114| 6.50.101) 5.7] Alanine 3 Phenylacetic 1.765 
0 Phenaceturic 2.506 
31 Glycine 3 Benzoic 1.254 
0005/1 .024'64.6.0.984 62.1 3 1.584 
0.0060 Alanine 3 1.584 
0.006 0.746 47.1.0.627/39.6 0) 1.584 
0.388 21.90.360 20.4; Glycine 3 Phenylacetic 1.765 
0.006.0.069 4.00.065) 3.7) Alanine 3 1.765 
0.070.0.126; 7.10.106) 6.0 0 1.765 
1.348 89.3)1.331/88.1) 0 | Phenaceturic* 1.510 


* Intravenous administration. 

+t These experiments were carried out at intervals of a week or more be- 
tween administrations of the organic acids. Since the animals sometimes 
increased in weight, this explains the increase in the absolute amount of 
acid. The dose per kilo remained the same. 
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These facts and certain others of interest are shown clearly in 
Table I in which detailed data for three of the animals are pre- 
sented. It will be observed that after oral administration of the 
benzoate, there was no significant amount of free (unconjugated) 
benzoic acid excreted even in the absence of supplementary gly- 
cine feeding. On the other hand, unconjugated benzoic acid in 
considerable amount was excreted after intravenous injection of 
the benzoate. ‘These observations are in accord with those pre- 
viously recorded (2), although since the dosage of benzoic acid per 
kilo is less than in earlier experiments, the excretion of free ben- 
zoic acid is smaller. Similarly, after intravenous injection of 
sodium phenylacetate the excretion of unconjugated phenylacetic 
acid was somewhat increased. 

In previous studies (2), it was shown that maximal increases in 
the rate of hippuric acid excretion were obtained when 3 equiva- 
lents of glycine were fed and that administration of glycine in larger 
amounts did not significantly increase the synthesis and excretion 
of hippuric acid. Since the synthesis and excretion of phenace- 
turic acid took place so slowly even with the addition of glycine 
(3 equivalents) to the diet, it was of interest to determine whether 
the rate of excretion could be increased if a large amount of glycine 
were fed. The oral administration of 5 equivalents of glycine 
(Rabbit 14, Table I) did not result in any notably increased elimi- 
nation of phenaceturie acid in the 6 hour period as compared with 
the experiments in which 3 equivalents were fed. 

Since benzoic acid and phenylacetic acid may conjugate with 
glucuronic acid, the possibility is suggested that the excretion of 
total phenylacetic acid might not be as delayed as the excretion 
of phenaceturic acid and that the slow excretion of phenaceturic 
acid might be associated with an elimination of significant amounts 
of phenylacetic acid in combination with glucuronic acid or some 
substance other than glycine. An inspection of the values of 
Table I shows that the excretion of total phenylacetic acid runs 
parallel with the excretion of phenaceturic acid and that there is 
no considerable amount of conjugated phenylacetic acid other 
than that present as phenaceturic acid in the urine. 

The rate of excretion of hippuric acid by the rabbit after its oral 
administration is practically identical with the rate of excretion 
of hippuric acid after benzoic acid is fed (7). In explanation of 
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this, Griffith (7, 8) has suggested that hippuric acid may be ad- 
sorbed from the intestine more slowly than benzoic acid, and that 
hippuric acid is hydrolyzed, in large part, to benzoic acid and glycine 
prior to absorption. Phenaceturic acid, in our own experiments, 
was excreted rapidly and completely after intravenous injection 
(Rabbit 31, Table I). On the other hand, when phenaceturic 
acid was fed (Rabbit 29, Table I), the excretion was greatly de- 
layed, the amount eliminated in 6 hours being only slightly greater 
than the value obtained when phenylacetie acid and glycine were 
fed. While our limited supply of phenaceturic acid did not per- 
mit of further studies, the similarity of the results obtained after 
feeding hippuric and phenaceturic acids suggests that phenace- 
turic acid also may be hydrolyzed in the intestine prior to absorp- 
tion. 

After feeding benzoic acid with or without glycine, the excretion 
of the benzoic acid was practically completed within 24 hours after 
feeding,” the maximal excretion being obtained in the 6 hour period. 
The excretion of ingested phenylacetic acid was slow and was never 
complete within 24 hours. In a number of experiments, the ex- 
cretion was prolonged over several days. When glycine was ad- 
ministered, the period required for approximately complete excre- 
tion was usually shortened. The most rapid elimination of the 
ingested phenylacetie acid was obtained with Rabbit 14, in which 
90.5 per cent of the phenylacetic acid was excreted in the urine 
within 24 hours after feeding 1.839 gm. of phenylacetie acid and 5 
equivalents of glycine. Typical data with two rabbits are pre- 
sented in Table II. 

Our results with rabbits are somewhat different from those of 
Quick (1) with dogs. He observed that when glycine was sup- 
plied exogenously, the speed of conjugation of glycine with phe- 
nylacetic acid was much faster than the conjugation with benzoic 
acid. In the dog both of these acids are conjugated with glu- 


2 Data concerning the completeness of the excretion of ingested benzoic 
acid in the 24 hour period immediately after its administration under the 
same experimental conditions as those of these experiments are presented 
in Table I of Paper VIII. Control experiments with benzoic acid were 
also carried out with the same animals as those of Table II, but since the 
experiments merely served as checks and are confirmatory of the other 
data, they are not reported in Table II. 
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curonie acid to a considerable extent. The addition of exogenous 
glycine (as gelatin, a protein rich in glycine) resulted in increases 
in the amount of phenaceturie acid excreted, while similar addi- 


TABLE II 
Rate of Elimination of Total ‘Extra’ Phenylacetic Acid after Administration 
of Phenylacetic Acid Alone and with Glycine or Alanine 
The amounts of organic acids administered per kilo of body weight were 
equivalent in every case. Except where indicated the acids were fed. 


7 _ Extra total | Extra total 
=: | Period phenylacetic | Amino acid fed | & | Period | phenylacetic | Amino acid fed 
aci aci | 
3 | 
per per 
hrs. gm, ‘mols Ars. gm. mols 
take take 
29, 6 |0.356 |20.2 | Glycine 3 | 31 6 (0.388 (21.9 | Glycine 3% 
18 | 0.789 |44.7 18 |0.782 |44.3 
Total) 1.145 |64.9 Total) 1.170 |66.2 
| 24 |0.432 |24.5 24 |0.470 |26.6 
6 (0.114 |} 6.5! Alanine 3 6 (0.069 | 4.0 Alanine 3 
18 |0.187 |10.6 18 |0.375 {21.2 
Total) 0.301 17.1 Total! 0.444 |25.2 
24 | 0.395 |22.4 24 |0.470 26.6 
24 | 0.567 |32.1 24 {0.516 |29.2 
24 {0.295 |16.7 24 (0.177 {10.0 
6 {0.158 | 9.0 0) 6 {0.126 | 7.1 () 
18 | 0.330 (18.7 18 | 0.670 {38.0 
Total) 0.488 |27.7 Total) 0.796 |45.1 
24 | 0.498 |28.2 24 (0.489 27.7 
24 (0.045 | 3.0 
6 | 0.203 10.2*| Glycine 3 
18 |0.916 '45.8 6 | 1.348 89.3F 0) 
Total 1.119 [56.0 18 0.061 | 4.0 
24 0.564 |28.6 | Total 1.409 (93.3 


* Intravenous injection. 
+ Phenaceturice acid equivalent to the phenylacetic acid was injected 
intravenously. 


tion of gelatin to the diet increased the amount of urinary hip- 
puric acid only slightly. With rabbits, the increases in the abso- 
lute amounts of hippurie acid excreted when glycine was fed were 
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much greater than in the case of phenaceturic acid. This serves 
to emphasize anew the differences between species in the ease 
and mode of conjugation of benzoic acid and its homologues. 

Quick (1) observed no excretion of free (unconjugated) benzoic 
acid or phenylacetic acid by the dog after the administration of 
these acids. He therefore presented the hypothesis that com- 
pounds of this type introduced into the organism become ‘“‘fixed”’ 
and that their “liberation” is brought about by conjugation. In 
the rabbit, we have observed the excretion of considerable 
umounts of these acids in unconjugated form after intravenous 
injection. The dosages per kilo of body weight used by us in these 
and in earlier studies with rabbits (2) were, however, somewhat 
larger than those of Quick in his studies with dogs. Further in- 
vestigation of this hypothesis is desirable. 


SUMMARY 


1. When the sodium salt of phenylacetic acid was fed (0.736 
gm. per kilo calculated as the acid) to rabbits, the excretion of 
phenaceturie acid was slow. When comparable amounts of ben- 
zoic and phenylacetic acids were fed, the average excretions of 
hippuric and phenaceturie acids in the 6 hour period immediately 
after feeding were equivalent to 37 and 6 per cent of the intake 
respectively. 

2. If glycine was fed with the phenylacetic acid, the rate of ex- 
cretion of phenaceturic acid was increased, but the average total 
excretion even under these favorable conditions was equivalent to 
only 21 per cent of the phenylacetic acid administered. 

3. The slow excretion of phenaceturic acid was not associated 
with a delayed absorption of phenylacetic acid from the intestine, 
since when the phenylacetic acid was introduced directly into the 
blood stream, the rate of excretion of phenaceturic acid was not 
greater than after oral administration of the phenylacetic acid. 
Since after intravenous injection of phenaceturie acid, this acid 
is eliminated rapidly by the kidneys, it is believed that the slow 
excretion after the administration of phenylacetic acid was due 
to a limitation in the capacity to synthesize phenaceturie acid 
even though an exogenous supply of glycine was available. 

4. The excretion of ‘‘extra” hippuric acid after administration 
of benzoic acid with or without exogenous glycine was usually 
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complete within 24 hours, while under similar conditions the excre- 
tion of ‘‘extra’”’ phenaceturie acid was frequently prolonged for a 
period of several days after the administration of phenylacetic 
acid. 

5. These experiments serve to emphasize the fact that even in 
the same species the two homologous acids, benzoic and phenyla- 
cetic, differ in their behavior in the living organism. 
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One means of studying the transformations of carbohydrate 
which occur in muscle is the attempt to balance the loss of gly- 
ecogen with its products when isolated muscles are kept under 
anaerobie conditions and oxidation is thereby avoided. Accord- 
ing to Meyerhof’s experiments (1920) nearly all of the glycogen 
which disappears under such conditions is accounted for by the 
lactic acid formed. More recently Eggleton and Eggleton (1929- 
30) observed an increase of a phosphate ester which Cori and Cori 
(1931-32) found to be hexosemonophosphate, thus making it nec- 
essary to include this substance in a balance sheet of the carbo- 
hydrate changes during anaerobiosis. 

We find that the reaction of the medium in which the muscle 
is suspended, and presumably the reaction of the muscle itself, has 
a marked effect on the fate of glycogen broken down. At an 
alkaline reaction, as in Meyerhof’s experiments, the increase of 
lactic acid approximates the glycogen breakdown, while the hex- 
osemonophosphate content changes little. As the reaction is made 
progressively more acid, the amount of lactate formed is less and 
is much below the equivalent of the glycogen loss; at the same time 
the hexosemonophosphate increases significantly. 

Still other products of glycogen appear when the muscles are 
made acid by equilibrating them with high tensions of CO» with- 
out oxygen. Both glucose and a non-fermentable reducing car- 
bohydrate are formed. During anaerobiosis at alkaline or near 
neutral reaction little or no formation of these sugars takes place 


* This work was aided by « grant from the Rockefeller Foundation to 
Washington University for research in science. 
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in isolated muscle. Although it appears to be well established 
that muscle glycogen is not directly convertible into glucose to an 
extent permitting its diffusion into the blood and that the con- 
centration of muscle glucose is normally definitely lower than the 
blood sugar, it would seem from our observations that the forma- 
tion of some glucose may take place in muscle if its interior reaches 
a certain acidity. The possibility also exists that glucose forma- 
tion may occur likewise under normal conditions and be prevented 
from accumulating by more rapid conversion back to glycogen, 
hexosephosphate, lactate, or other products. 


Methods 


For a reasonably satisfactory balance of the changes taking 
place in carbohydrate constituents of muscle it seemed essential 
to develop analytical methods permitting all determinations on a 
single muscle sample; otherwise variations are apt to obscure the 
changes searched for. After a number of preliminary experi- 
ments, the following procedure was adopted. All of the lactate 
and hexosephosphate, together with a portion of the glycogen, 
are extractable and are determined in extracts. The carbohy- 
drate left in the muscle residue is separately determined and added 
to that found in the extract. After weighing, the muscles of one 
side were frozen with CO» snow and analyzed as stated below for 
the initial value. Those from the other side were placed in a 
flask in Ringer’s solution (2 to 3 times the muscle volume), con- 
taining 0.02 m NaHCO; and equilibrated with (a) nitrogen to 
give pH 9, (b) nitrogen plus 5 per cent COs for pH 7.2, and (c) 
COs. for pH 6.0. The flasks were shaken in a water bath at 25° 
the desired length of time, after which the muscles were removed 
and frozen. 

The frozen muscles were ground in a chilled mortar with a solu- 
tion of HgCl, in HCl, the quantities being such that the final 
concentration became 3 per cent HgCle in 0.5 n HCl when the 
Ringer’s solution was later added. The extract was separated 
from the precipitate by centrifugation and the residue reextracted 
three times, the final volume of extract giving a dilution of from 5 
to 10. This procedure extracts 40 to 55 per cent of the glycogen, 
the soluble carbohydrate, lactic acid, and acid-soluble phosphorus 
compounds. 


M. Kerly and E. Ronzoni 163 


Estimation of Total Carbohydrate—The whole of the residue and 
an aliquot portion of the extract were separately hydrolyzed by 
heating 4 hours in 0.6 n HCl. After preliminary treatment with 
HgSO, and BaCO; (West, Scharles, and Peterson, 1929) the total 
and non-fermentable material in each solution was determined by 
the Shaffer-Somogyi (1933) Reagent 50 with 2 gm. of KI, the 
fermentable sugar being obtained by difference. The non-fer- 
mentable reducing substance was fairly constant in amount, 
about 100 mg. per cent. The data given for total carbohydrate 
are the sum of that found in the residue and extract and represent 
yeast-fermentable sugar expressed as glucose. 

The carbohydrate of hexosemonophosphate is included only to a 
negligible extent in the results for total carbohydrate. That 
portion of the ester which withstands hydrolysis is removed in the 
treatment by HgSO,-BaCO; in the presence of chloride. If no 
chloride is present, about 30 per cent appears in the filtrate. After 
heating in 0.5 n HC! for 4 hours, only about 10 per cent of the 
hexose content appears as fermentable sugar, though hydrolysis 
as measured by liberation of phosphate has proceeded to the ex- 
tent of 30 per cent. Since the hexosephosphate content of the 
muscles used represents less than 1 per cent of that of the total 
carbohydrate and only one-tenth of this appears as fermentable 
reducing sugar, the presence of the ester has no significant effect 
upon the data for total carbohydrate. 

The optimum time for hydrolysis of glycogen solutions in 0.5 — 
N HCl coincides with the time at which non-fermentable reduction 
falls to zero; at that time (3 hours) the fermentable reduction is 
maximum. Similar tests applied to muscle showed after an early 
rise a decline to a constant value in the reducing non-fermentable 
fraction. ‘This time (4 hours) has been used for hydrolysis. Be- 
yond 4 hours heating the fermentable reduction continues to in- 
crease slightly but at a linear rate. This slow increase is attrib- 
uted to the hydrolysis of some combined carbohydrate, perhaps 
similar to that found in blood by Rimington (1929). 

When opposite muscles are analyzed by this method, the aver- 
age difference is 3.6 per cent (Table I). This comparison is a 
control both on the analytical methods and on the similarity of 
the initial values in control and asphyxiated muscles. 

Preformed glucose was determined directly on the original fil- 
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trate freed of Hg by difference in reduction before and after fer- 
mentation. Glycogen was determined on whole muscles after 
the usual KOH treatment and precipitation by alcohol, as fer- 
mentable glucose after hydrolysis. 

Estimation of Hexosemonophosphate—Hexosephosphate was de- 
termined by a modification of the method of Cori and Cori (1931- 
32). In the application of their method to frog muscles difficulty 
was encountered owing to the high glycogen content, a part of 
which escapes precipitation with the inorganic Ba phosphates and 
peptizes these otherwise insoluble salts. I°urthermore, we de- 


TABLE I 


Total Carbohydrate in Groups of Corresponding Resting Muscles from 
Opposite Legs. Residue + HgCl, Extract 


| | 


Side A Side B | Difference 
mg. per 100 gm. mg. per 100 gm. per cent 

2937 3036 3.3 
1714 1684 1.8 
1729 1873 8.4 
2186 2288 4.7 
1734 1792 3.9 
1112 1097 1.4 

624 597 4.5 

2158 2181 2.2 
2311* 2378 2.9 


* After 2} hours at pH 6.0. 


sired to make hexosephosphate determinations on the same HgCl, 
filtrates used for sugar determinations and in these solutions the 
high chloride content prevents the complete precipitation of 
adenosinetriphosphate. We therefore adopted the following pro- 
cedure. 

From an aliquot of the original solution (Hg-free') equivalent 


1 The HgS precipitate clears the solution completely of glycogen. There 
is a limit to the amount that a given amount of sulfide will carry down. 
This condition is easily recognized by the fact that the sulfide is also held 
in suspension, and ean be remedied by addition of more HgCl, and again 
removing the Hg with IIs. 
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to 2 gm. of muscle the total phosphate compounds were pre- 
cipitated as the Ba salts with aleohol. 2 ee. of saturated Ba(OH)s, 
the remaining acid neutralized to phenolphthalein with KOH, 4 
volumes of 95 per cent alcohol, and 2 hours standing in the re- 
frigerator are required for complete precipitation. After separa- 
tion by centrifugation and removing aleohol by evacuation the 
precipitate may be dissolved in 5 per cent trichloroacetic acid and 
the Cori and Cori procedure followed. Under the conditions of 
our experiments we found that two substances are present with 
the hexosephosphate, adenylie (or inosinic) acid affecting the 
phosphate value, and an intermediate carbohydrate which affects 
the copper reduction values. We have therefore removed the 
nucleotide by HgAe precipitation (used by Lipmann and Loh- 
mann (1930) in the purification of hexosephosphate). The method 
consists in separation of the soluble Ba salts by twice repeated 
solution in acetie acid and reprecipitation of insoluble salts by 
neutralizing with KOH. After removal of Ba the free esters are 
precipitated with HgAc in the presence of 1 per cent acetic acid. 
The acidity avoids serious loss of hexosephosphate. After freeing 
the centrifugate of He by HS and of the latter by aeration, the 
free and total phosphates are determined. The calculated hexose 
value is compared with the reducing value determined by the 
Shaffer-Somogyi method (Reagent 50, 1 gm. of KI).*2 Hexose- 
phosphates prepared from resting muscles have a reducing value 
with this reagent which is between 68 and 72 per cent of that cal- 
culated from the phosphate content. The addition of adenylie 
acid before precipitation has no significant effect on this value and 
at least 90 per cent of that added can be recovered from the Hg 
precipitate. The recovery of added hexosephosphate is between 
92 and 96 per cent. [ven with these precautions solutions from 
asphyxiated muscles often give a slight pentose test and are there- 
fore probably contaminated with traces of nucleotide. Reducing 
values higher than those ealeulated from P indicate contamina- 
tion with an intermediate carbohydrate. The values reported 


2 The rate at which hexosephosphate reduces alkaline copper sugar 
reagents is slower than that of glucose. With Reagent 50 the time required 
for maximum reduction is 35 minutes instead of 20 minutes for glucose. 
Increasing the alkalinity and salt concentration has the same effect as on 
glucose reduction. 
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in these cases are calculated from the phosphate. Under the con- 
ditions of our experiments hydrolysis curves of the hexose ester 
show no indication of the presence of other than hexosemonophos- 
phate, Embden’s ester. 

Lactic acid was estimated after CuSQ,-lime precipitation by the 


TABLE II 
Changes in Muscle during Anaerobiosis for 5 Hours at 25° 
The results are expressed in mg. per 100 gm. 


| 


Lactic acid H phosphate Total carbohydrate 3 23 

+< 

pH 9.0 19 | 194 | 175 | 35 44 9 | 1593 | 1362 | 231 184 
22 | 196 | 174 38 46 8 | 2190 | 2026 164 182 

26 | 125; 99) 41 38 —3 | 1927 1803 124 96 

19 | 148 | 129. 55 54 —1 | 2219 | 2085 134 128 
Average......... 144 3 163 147 

pH 7.2 29 | 120)! 91 3l 49 18 | 2004 | 1901 103 109 


Avewnge.....:.... 80 15 109 95 


pH 6.0 32 | 72); 40] 34 106 72 | 1587 | 1443 | 144); 112 


Average....... | oF 86 133 | 122 


method of Friedemann, Cotonio, and Shaffer (1927) as modified by 
Friedemann and Kendall (1929), with MnO, in phosphorie acid as 
oxidant. | 

The resting values of lactic acid and hexosephosphate of oppo- 
site muscles are in good agreement, showing variations within the 
experimental error of the methods. 


| 25 | 114 | 89} 46 | 71} 25 | 3267 | 3145 | 122; 114 
| 10] 65| 55] 33 | 43] 10 | 2414 | 2306! 108| 65 
| 18] 99| 81| 22 | 30} 8] 1310/1217] 93 | 89 
| 107; 46 | 61] 15 2112 | 1991 | 121] 99 
13 54) 41 | 32 45) 113 | 3285 | 3105 | 180, 154 
| 17] 58 | 41 33 | 117 84 | 2724 | 2530 | 194] 125 
| 21} 27 | 24 | 116) 92 | 2530 | 2468) 62 | 119 
| 19 | 59 4o| 53 | 120] 67 2243 | 81} 107 
XUM 


| M. Kerly and E. Ronzoni 167 


Results 


The results of a series of experiments are presented in Table II. 
The pH given is that of the Ringer’s solution at the beginning of 
the experiment, calculated from the ratio of CO: to bicarbonate. 
This pH changes but slightly during the experiments, those at 
pH 9.0 becoming more acid, those at 7.2 remaining approximately 
constant, those at pH 6.0 showing a slight increase. These changes 
are in accord with Lipmann and Meyerhof’s (1930) results. The 
pH of the Ringer’s solution probably does not represent the true 
pH of the muscle, since we have found an uneven distribution of 
lactate between Ringer’s solution and muscle fluid which is in- 
fluenced by pH. Furthermore, preliminary experiments show 
an uneven distribution of inorganic phosphate. Hence with 
the data at present available it is impossible to calculate the pH 
of the muscle itself. 

Although results in different experiments vary, the values appear 
to justify the following conclusions. The pH is without marked 
effect upon the amount of carbohydrate loss during 5 hours under 
anaerobic conditions at 25°. But the products of breakdown 
vary with the pH of the suspension of Ringer’s solution. At an 
initial pH of 9 the loss of carbohydrate exceeds (one absurdly low 
value for carbohydrate loss was omitted) on the average 10 per 
cent of the lactic acid gain. At pH 7.2 hexosephosphate also 
increases; the sum of this with the smaller lactate formation is 12 
per cent less than the carbohydrate loss; while at pH 6.0 the rise 
of lactate is still less and the hexosephosphate is greater than at 
higher pH, their sum being again less than the loss of carbohydrate 
by 8 per cent. Only about 10 per cent of the total carbohydrate 
present is broken down during the period of anaerobiosis, and from 
our control experiments an average variation of 3.6 per cent in the 
determined initial values may be expected. No correction has 
been made for the 4 to 8 per cent loss in hexosephosphate deter- 
mination nor for the 4 to 5 per cent loss in the lactic acid deter- 
mination; therefore the discrepancies are probably within experi- 
mental error, and can hardly be accepted as evidence for the 
existence of other products of glycogen breakdown. If any methyl- 
glyoxal were present in the extracts, it would be converted to lac- 
tie acid by the treatment with CuSQ, and lime and so included in 


168 Carbohydrate Changes in Muscle 


the lactic acid determination. That no pyruvie acid is formed is 
indicated both by a negative nitroprusside reaction and by lack 
of increase in lactic acid after reduction of the filtrates with Zn 
(Wendel, 1931-32). 

The rate of the changes taking place was followed in a series of 
experiments at pH 6.0 (Table III). During the first 3 hours prac- 
tically no laetie acid is formed, though there is some loss in earbo- 
hydrate, which is nearly accounted for by the hexosephosphate 

ain. 

After a period of 3 hours lactie acid production begins, the in- 
crease in 20 hours being approximately that produced by a muscle 
at pH 9. The reason for this would appear to be due to the in- 
creased pH, owing to the liberation of base from the breakdown 


TABLE III 


Changes in Carbohydrate, Lactic Acid, and Hexosephosphate of Muscle 


at pH 6 
Time of | Total | Laetie acid + 
| carbohydrate Lactic acid | Hexose phosphate | hemmaephosphate 
hrs. | | mg. per cent | | mg. per cent 
| P | | | 

1 20 0) 10 10 

3 102 90 98 

54 | 155 | 30 | 116 | 146 

‘ 
| 337 


20) 389 270 | 100 


of phosphocreatine, which is complete at this time. This is not 
reflected in the pH of the Ringer’s solution. The marked ab- 
sorption of CO. without a corresponding change in pH _ of the 
Ringer’s solution suggests a liberation of non-diffusible base within 
the muscle. The explanation of these changes awaits the de- 
termination of the true pH of the muscle substance. 

Intermediate Sugars—The glycogen content of muscle should be 
less than the total fermentable carbohydrate by the amount of 
any substances not precipitated and determined with glycogen 
which give rise to fermentable sugar on acid hydrolysis. Table | 
shows «2 comparison of these two determinations on opposite rest- 
ing muscles. The glycogen values are rather less than those for 
total carbohydrate, as Cori and Cori (1933) found for mammalian 
muscles, though the differences are probably within the experi- 
mental error. 
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By direct determination the preformed fermentable sugar of 
the resting muscles averaged 15 mg. per cent. Since the average 
difference between glycogen and total carbohydrate is of the same 
order (25 mg. per cent) as the directly observed glucose content, 
it is obvious that there can be at most only traces of other earho- 
hydrate in resting muscle.* 

During anaerobiosis the fermentable reducing substance in- 
creases at all reactions (Table IV), but unless the anaerobiosis 
proceeds for many hours, the inerease is small at normal or high 
pH. At pH 6, however, the muscle may contain 100 mg. per cent 


TABLE IV 


Comparison of Total Carbohydrate and Glycogen of Muscles from Opposite 
Legs 


The results are expressed in mg. per 100 gm. 


Excess total carbohydrate 


Total carbohydrate | Glycogen | over glycogen 
2366 | 2300 | +66 
1643 | 1573 | +70 
1686 | 1600 | +86 
1300 | 1307 | a 
1312 | 1338 | 
O86 | 970) | +16* 
1281 | 1259 | +22* 


1852 ISIS | +14* 


* In these instances the sciatic nerve was cut and the frogs allowed to 
recover for 1 hour before pithing. 


of fermentable reducing substance after 3 hours, and in 20 hours 
300 to 400 mg. per cent. This is in accordance with Lohmann’s 
(1926) observation that in muscle extract glycogen may be hy- 
drolyzed to glucose. 

The fermentation rate of this substance (after removal with 
HgSO,-BaCOs of a large part of the non-fermentable reducing sub- 


3 The great differences between total carbohydrate and glycogen values 
reported by one of us (Kerly, 1931) are accounted for by the non-ferment- 
able reducing substances precipitated with the sugar by copper-lime. 
Among the non-fermentable reducing substances in the Cu-lime precipitate 
are ribosephosphate from hydrolyzed nucleotide and hexosephosphate. 
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stances including hexosephosphate* present in the HgCl. filtrate) 
was compared with the rate of fermentation of glucose by a similar 
sample of yeast, determined by the Warburg technique. Fig. 
1 shows that the rate of CO» production is a little slower than that 
of glucose solution. But glucose added to the same solution after 
that initially present had been fermented shows the same slower 
rate, owing perhaps to the salt concentration of the muscle prepara- 
tion changing the pH of the phosphate solution from its original 


3090 


MUSCLE EXTRACT 
£00 


4 GLUCOSE 


100 


GLUCOSE ADDED 


0 4O 60 80 /00 120 100 


Fic. 1. Fermentation rates of muscle sugar 


value, 4.6. Besides the rapid CO, production from glucose there 
is a continuous slow production of COs. We conclude, therefore, 
that the fermentable substance is in all probability glucose. 

The non-fermentable reducing value of the HgCl. extract of 
resting muscle is approximately constant (Table V). It increases 
only very slightly during anaerobiosis, except at pH 6.0, when the 
rise is considerable. Part of this increase is due to a non-ferment- 


4 Anaerobically yeast ferments hexosephosphate so slowly that its pres- 
ence ina solution in which fermentable sugar is being determined introduces 
but slight error in the glucose value. In oxygen its rate of disappearance 
is increased. 


CO, 
400 
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able alcohol-soluble polysaceh ride and part to hexosephosphate. 
The presence of intermediate carbohydrate in muscles kept for 
20 hours in CO, without O, was demonstrated by precipitation 
(before removal of Hg) of the HgCle extract of the muscles with 2 
volumes of 95 per cent alcohol and determination of the ferment- 
able carbohydrate of both fractions after hydrolysis. ‘The fraction 
of carbohydrate precipitated with alcohol resisted KOH treatment, 


TABLE V 
Changes in Muscle during Anaerolbiosis at 25° 
The results are expressed in mg. per 100 gm. 


Fermentable sugar in unhydro- | Non-fermentable reduction of 
lyzed extract unhydrolyzed HgCl: extract 
Initial Final Increase | Initial Final Increase 
hrs. 
pH 9.0 5 12 13 1 21 31 10 
5 25 43 18 52 45 —7 
5) 23 29 6 14 39 25 
5 9 38 21 30 33 3 
18 3 91 8S 37 51 14 
pH 7.2 5 22 60 38 32 45 7 
5 16 60 44 41 42 1 
5 17 40 23 33 42 9 
18 2 111 109 39 48 9 
pH 6.0 3 36 84 48 18 90 62 
5 7 44 37 29 66 37 
5 55 190 135 53 153 100 
5 7 66 59 40 116 76 
53 15 119 104 31 128 97 
| 18 27 336 309 53 154 101 
| 20 22 420 398 34 185 151 


was completely fermentable after hydrolysis, and was therefore 
glycogen. However, only a fraction of the total carbohydrate 
was thus precipitated. The fermentable sugar content of the 
alcohol-soluble fraction after hydrolysis was 528 mg. per cent as 
compared with the initial fermentable sugar of this fraction of 240 
mg. percent. Therefore the difference, equivalent to 288 mg. per 
cent of non-fermentable carbohydrate, not precipitable by alco- 
hol but hydrolyzable to fermentable sugar, was formed in 20 hours 
by muscle kept anaerobically at pH 6. 
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Lohmann (1926) and Barbour (1929-30) have both shown that 
a trisaccharide can be formed from glycogen by muscle extract. 
It is possible that this same compound is formed here, though we 
have not found so constant a relationship between the reducing 
value before and after hydrolysis. Barbour states that the tri- 
saccharide hus 30 per cent of the reduction value of glucose, de- 
termined with a Shaffer-Hartmann reagent;> Lohmann using 
Bertrand’s reagent found somewhat lower values. 

Several preparations of the Ba salt of this compound have been 
prepared by the method of Barbour, precipitation with alcohol 
of the Ba salt after removing hexosephosphate with HgSO,- 
BaCO;. The Ba-free solution from this precipitate is reducing but 
non-fermentable. On hydrolysis the reducing value increases 
between 3.9 and 7 times the initial value. We conclude that a 
variable mixture of reducing carbohydrates is formed which yields 
on hydrolysis fermentable sugar. Lohmann states that he found 
dextrin present in some of his preparations, depending upon the 
treatment of the muscle. 


SUMMARY 


A method is described by which total carbohydrate, soluble 
earbohydrate, hexosephosphate, and lactic acid have been esti- 
mated on the same muscle. This procedure is thought to give a 
more accurate picture of the carbohydrate changes in muscle. 

The effect of pH on the anaerobic breakdown of muscle carbo- 
hydrate has been investigated. At an alkaline reaction lactie 
acid increase approximately balances carbohydrate decrease, and 
there is only a small increase in hexosemonophosphate. As the 
reaction is made progressively more acid, lactic acid formation 
becomes less, while hexosemonophosphate formation increases, 
the sum of the two about balancing the loss in total carbohydrate. 

During anaerobiosis at an alkaline or neutral reaction the forma- 
tion of lower carbohydrates from glycogen is very small. At pH 
6.0 considerable quantities both of glucose and of intermediary 
carbohydrate are formed. The latter is aleohol-soluble, has an 


*’ Heating for 35 minutes is required for the maximum reduction of 
Shaffer-Somogyi Reagent 50 (1 gm. of I). This may be decreased by using 
more alkaline solutions. 


i 


M. Kerly and E. Ronzoni 173 


aleohol-insoluble Ba salt, and is reducing but is non-fermentable. 
On hydrolysis it forms fermentable sugar. 
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THE DISAPPEARANCE OF HEXOSEPHOSPHATE FROM 
INTACT FROG MUSCLE* 


By ETHEL RONZONI ann MARGARET KERLY 


(From the Laboratory of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, August 5, 1933) 


The réle of hexosephosphate as an intermediate in lactic acid 
formation in muscle while generally accepted is so surrounded by 
equivocal data as to make it necessary to postulate a labile form 
which when not immediately converted into lactic acid becomes 
stabilized as the Iembden ester (Meyerhof, 1930). In common 
with others we have noted an increase rather than a decrease in 
hexosephosphate when muscles are kept under anaerobie con- 
ditions (Cori and Cori, 1931-32; Cori, 1932; Buell, Strauss, and 
Andrus, 1932). The extent of the increase depends upon the pH 
at which the muscles are kept (Kerly and Ronzoni, 1933). The 
significant accumulation of the ester at pH 6 at which lactie acid 
production is almost completely inhibited suggested that here the 
step from hexosephosphate to lactic acid had been blocked and 
that the ester formed was possibly the labile precursor of lactic 
acid. 

In early experiments we observed that the hexosephosphate 
content of muscles of freshly pithed and dissected frogs was be- 
tween 50 and 60 mg. per cent as hexose and that on oxygenation 
for a period of 40 to 60 minutes this value falls to 25 or 30 mg. per 
cent. This high initial hexosephosphate, due according to Cori 
and Cori (1931-32) to the muscular contractions accompanying 
pithing, showed no evidence of decreasing when the muscles were 
placed in nitrogen, although during this time lactic acid was 
abundantly produced. For example, the initial hexosephosphate 
in muscles from the right leg, determined directly after dissection, 


* This work was aided by a grant from the Rockefeller l’oundation to 
Washington University for research in science. 
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approximately 15 minutes after the pithing of the frog, was 53 
mg. per cent; after 1 hour in oxygen the value fell to 21 mg. per cent. 
There was also the usual decrease in lactic acid from an initial 
_ value of 38 to 24 mg. per cent. After 1 hour in nitrogen the mus- 
eles from another frog showed no significant change from the 
initial hexosephosphate value (58 before and 60 mg. per cent after 
treatment). The lactic acid rose from 40 to 75 mg. per cent. Cori 
and Cori (1932-33) have observed in stimulated muscles, in which 
the blood vessels were ligated after stimulation, an anaerobie dis- 
appearance of hexosephosphate with the formation of laetie acid in 
the first few minutes after contraction, presumably the delayed 
lactic acid. In our experiments this early conversion would have 
taken place before the initial values were obtained. 

In contrast to the accumulation of hexosephosphate which 
accompanies maximum lactic acid production during muscle con- 
traction we have studied the disappearance of the ester, produced 
during a period of anaerobiosis at pH 6 at which lactic acid produc- 
tion is inhibited. 

The procedure and analytical methods used are described in the 
preceding paper (Kerly and Ronzoni, 1933). Values for hexose- 
phosphate are reported as mg. per cent of hexose; other phosphate 
compounds as mg. per cent of P. After a suitable period at 25° 
in CO, at pH 6 one set of opposite muscles was analyzed for the 
control values and the other set was either equilibrated with nitro- 
gen at pH 9, the optimum for lactic acid formation, or with O» con- 
taining 5 per cent COs (pH 7.2) for optimum oxidation. In some 
experiments control values were omitted and one set of muscles 
was allowed to recover in Ne and the other in On». 

Under aerobic conditions there is a marked decrease in hexose- 
phosphate. The lactic acid, already low, shows a further reduc- 
tion. Muscles allowed to recover in nitrogen at pH 9 also show 
slight losses in hexosephosphate, the decrease being insignificant 
when compared with the lactic acid increase in the same muscles, 
or with the disappearance of hexosephosphate under aerobic con- 
ditions. It seems probable from these experiments that the hexose- 
phosphate accumulated anaerobically at pH 6 is not the labile 
precursor of lactic acid, unless it be supposed that the rate of 
formation of the ester is rather closely balanced by the rate of its 
conversion to lactate, permitting the hexosephosphate content to 
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remain nearly constant. ‘This is possible, but not likely. <A pe- 
riod of anaerobiosis up to 4 hours at pH 6 does not prevent either 
the subsequent removal of hexosephosphate by oxidative process 
or the anaerobic production of lactie acid. These facts are shown 
in Table I. 

Comparison was also made of lactic acid and hexosephosphate 
content of opposite muscles treated for 23 hours at pH 6, one set 


TABLE I 
Changes in Muscle Hexosephosphale and Lactic Acid 
R ; Anaerobic, pH 9 | Aerobic, pH 7.2 
period in CO» O. . Hexose- Hexose- 
’ Lactic acid phosphate Lactic acid phosphate 
Ars. Ars. mg. per cent mg. per cent mg. per cent mg. per cent 
23 1 +32 —1.4 —5 —26.1 
23 2 +71 —9.0 | —12 —48 
23 3 +74 —4.2 —12 —55.5 
3 2 +79 —7.6 —§& —65.5 
4 2 +70 —2.5 —16 —68.9 
TABLE II 


Hexosephosphate Content of Muscle 
The results are expressed in mg. per cent of hexose. 


| Anaerobic (eft muscle) | Aerobie (right muscle) 
| Lactie acid phate Lactic acid phate 
1 | 84 84.3 16.2 35.7 
2 | 88 30.2 
4 | | 22.1 | 27.3 


79 


being allowed to recover in O». at pH 7.2 and the other in N» at 
pH 9.0 for 2 hours. Results of four such pairs are shown in Table 
II. The figures represent the content of the constituents after 
the recovery period, in mg. per cent. Since the control values are 
necessarily omitted in this experiment, we have no direct measure 
of the changes taking place. From average values for muscles 
kept anaerobically for 2} hours at pH 6, 80 mg. per cent for hexose- 
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phosphate and 25 mg. per cent for lactic acid, it is evident that 
the hexosephosphate markedly decreases in oxygen but remains 
at the same high value in nitrogen, while the lactic acid shows the 
usual increases of anaerobie muscles. 

Although the oxygen consumption of muscles kept at pH 6 
in « phosphate-buffered Ringer’s solution is approximately 10 per 
cent below that of the opposite muscles at pH 7.2, the accumula- 
tion of hexosephosphate is prevented by oxygen. For example, an 
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Fic. 1. Oxygen consumption of normal and CO,-treated muscles. 
Curves of single experiments are indicated by different symbols. 


initial value of hexosephosphate of 38 mg. per cent was reduced to 
28 after 3 hours in Oy» at pH 6. 

Since the observed disappearance of hexosephosphate seems 
to depend upon an oxidative process, it was of interest to deter- 
mine the effect of such accumulation of hexosephosphate on the 
rate of oxidation in the absence of high lactate concentration. 
This was done by means of the Warburg technique, about 1 gm. 
of green frog sartorius muscles being used for the experiment. 
Since, with the apparatus available, CO» had to be absorbed with 
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KOH, the muscles were transferred from Ringer’s solution buf- 
fered by bicarbonate to Ringer’s solution buffered with phosphate, 
pH 7.2, or to unbuffered solution. Fig. 1 represents « composite 
curve of this series, and shows a definite increase in oxygen con- 
sumption which falls off to a new rate slightly above normal in a 
period of about 1 hour. ‘The first 15 minutes of recovery are lost 
in transfer of muscle. 

Further study of the time relationships of the two processes 
appears to eliminate hexosephosphate as the factor responsible 
for the first rapid rate of oxygen consumption. The oxygen 
consumption falls to a rate only slightly above the normal before 
the hexosephosphate returns to the resting concentration. The 
ester continues to disappear at an almost linear rate for 3 hours. 
The average of a series of experiments shows a loss of 21 mg. 
per cent in 1 hour, 43 mg. per cent in 2 hours, and 65 mg. per 
cent in 3 hours. 

It is clear that a period of resting anaerobiosis substantially 
without lactic acid production results in an ‘‘oxygen debt.”” Mar- 
garia, edwards, and Henderson (1933) find, after allowing for the 
effect of lactic acid on oxygen consumption, another exponential 
function which is of short duration, 3 to 4 minutes. We also find 
after a period of anaerobiosis in which no lactie acid accumulated 
an excess oxygen consumption above the resting level which may 
be of the same nature as that noted by the above workers. There 
is a wide discrepancy in time relationships which loses much of its 
significance when it is remembered that we used isolated muscles 
of winter frogs at 25°, depending on the slow oxygen diffusion 
into the muscles, instead of 37.5° with adequate circulation. 
Other chemical changes must be taken into consideration to ex- 
plain this process. 

Among the chemical changes involved is the breakdown and 
restitution of phosphocreatine which is almost completely hydro- 
lyzed in a 23 hour period of anaerobiosis at pH 6. Our prelimi- 
nary experiments suggest, as shown in Table III, that when the 
early acceleration of oxygen consumption is over (in approximately 
60 minutes) the resting level of phosphocreatine has been restored. 
The initial values represent the content after the preliminary 
treatment at pH 6 in mg. per cent. The recovery values are on 
similarly treated opposite muscles allowed to recover for 1 hour in 
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either oxygen or nitrogen. The data now available do not permit 
a satisfactory comparison between the rates of phosphocreatine 
resynthesis and of oxygen consumption. 

A study of the rate of lactic acid production in nitrogen at pH 
9 shows no acceleration due to a previous period of anaerobiosis 
during which lactate production has been inhibited by low pH; 
the subsequent production is at the normal rate for an anaerobic 
muscle. It is further found that anaerobically at pH 9 there is no 
restitution of the phosphocreatinine hydrolyzed in the previous 
treatment of the muscle at pH 6 (Table III). This is perhaps to 
be expected since there is no abnormal acceleration in the pro- 
duction of lactic acid. It has been repeatedly shown that the 


TABLE Ill 
Phosphocreatine Changes in Muscle 
The results are expressed in mg. per cent as P. 


Initial | Recovered Initial | Recovered 
(2) hrs., pH 6) (in Oy) (23 hrs., pH 6) | (in Ne) 
4 | 63 9 | 7 
ba 59 4 
7 68.2 8 5 
0 59.7 0 0 
62* 60.0 65T 22 


* Controls kept in oxygen throughout the experiment, pH 7.2. 
+ Controls kept in nitrogen throughout the experiment, pH 9.0. 


lactic acid production in anaerobic intact muscles does not com- 
pletely prevent the hydrolysis of phosphocreatine but merely 
decreases the rate of its breakdown. This is also true in these 
muscles; the phosphocreatine hydrolysis which has been proceed- 
ing rapidly at pH 6 (at which lactate is not formed) is slowed 
when the pH is changed to 9 (and lactate formation sets in). 

Adenosinetriphosphate has been touched upon in this series of 
experiments only in regard to the labile phosphate fraction. This 
is reduced in amount under anaerobic conditions at pH 6, is 
resynthesized aerobically, but there is no evidence of restitution 
anaerobically at pH 9. 


SUMMARY 


Muscles kept anaerobically at pH 6 form in 23 hours 70 to 80 
mg. per cent of hexosephosphate (as hexose), the phosphocreatine is 
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almost completely hydrolyzed, and approximately one-half of 
the adenosinetriphosphate is dephosphorylized, but no lactie acid 
is formed. 

During the subsequent treatment with oxygen all of these 
substances are restored to their normal level accompanied by an 
acceleration in the rate of oxygen consumption above that of nor- 
mal muscles. This bears no direct relationship to the loss of hexose- 
phosphate. The time at which the rate of oxidation approaches 
the normal rate approximately coincides with the complete resti- 
tution of creatinephosphate. 

On the other hand when placed in nitrogen at pH 9, while lac- 
tic acid production is resumed, it proceeds at the normal rate for 
anaerobie muscles. Hexosephosphate shows but little decrease; 
the breakdown of phosphocreatine is slowed but there is no resti- 
tution; neither is there a restitution of adenosinetriphosphate. 
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BASIS FOR THE PHYSIOLOGICAL ACTIVITY OF ONIUM 
COMPOUNDS 


XIII. BETAINE AMIDES* 


By R. R. RENSHAW anpb H. T. HOTCHKISS, Jr.t 
(From the Department of Chemistry, New York University, New York) 


(Received for publication, August 2, 1933) 


When it was found (1, 2)! that betaine amide in contrast to the 
physiologically inert betaine produced the typical muscarine and 
nicotine effects of choline, it seemed desirable to prepare and ex- 
amine a number of N-substituted betaines. 

The variation in the influence of different groups substituted for 
« hydrogen atom of the amide group on the physiological action, 
as found by Hunt and Renshaw (1), seems rather remarkable from 
the chemist’s point of view. Analysis of the data on a very large 
number of compounds lends strong support to the idea that the 
configuration around the onium element affords the main “anchor- 
ing group” which causes the specific adsorption of these compounds 
on the very limited portion of the nervous system. In the series 
of N-alkyl compounds, it was unexpected that the substitution of 
a methyl group for a hydrogen in another part of the molecule 
away from the onium element would produce a maximum stimu- 
lation at the nerve endings (10 times that of the simple amide) 
and that with increasing molecular weight of the alkyl group so 
situated there would be a rapid falling off of activity. While there 


* This problem is being carried out in cooperation with Dr. Reid Hunt of 
the Harvard Medical School. The physiological data are the basis of 
another series of papers published elsewhere. 

+ The authors wish to express their appreciation to the Directors of the 
Bache Fund, National Academy of Sciences, for a grant made to support 
this work. 

1 In the paper by Renshaw and Hotchkiss there will be found a discussion 
of the relationship between the structure and certain physical properties of 
betaine and its derivatives in connection with their physiological prop- 
erties. 
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is nothing unusual in finding a physiological response enhanced by 
the replacement of a hydrogen atom by a methyl group, one almost 
never finds the enhancement reaching a maximum with the methyl 
group but rather when the replacement of a hydrogen atom by an 
alkyl group does cause a difference in the degree of action, this 
effect is decreased or increased gradually, frequently reaching a 
maximum with a radical of intermediate weight. Cases in point 
are the variations in disinfecting power of the alkylresorcinols, 
local anesthetic effect of alkyl-p-aminobenzoates, hypnotic action 
of alkylbarbiturie acids, pungent taste of vanillylacylamides, ete. 
While the piperidino derivative was nearly as active as the methyl 
compound, the aryl groups completely abolished this type of ac- 
tivity. On the other hand, the latter groups tended to augment 
the stimulating action on the ganglion cells (stimulating nicotine 
action). This effect was remarkably strong with the N-phenyl- 
amide. A number of compounds were prepared with substituents 
on the phenyl group, but none of these approached the activity of 
the unsubstituted phenylamide. 


EXPERIMENTAL 


The N-substituted a-chloroacetamides were prepared by chloro- 
acetylation of the corresponding amine with chloroacetyl chloride, 
the procedures of Jacobs and Heidelberger (3) being used. Their 
procedure for arylamines whereby the chloroacetylation was car- 
ried on in cold acetic acid solution in the presence of sodium ace- 
tate as a buffer was especially effective. 

The chloroacetamides were condensed with 1 mM quantity of 
liquid trimethylamine usually in a non-polar solvent as toluene. 
With the aryl-substituted amides, heating from 70-100° for 1 
to several hours was found necessary to insure good yields. Unless 
otherwise indicated in Table I the compounds were purified by 
fractional crystallization from absolute aleohol-ether mixtures. 


SUMMARY 


A series of alkyl and aryl N-substituted betaine amides is 
described. 

In the alkyl series Hunt found the maximum muscarine action 
to be given by the methyl derivative. With the aryl compounds 
no muscarine action was observed, but the phenyl derivative gave 
a remarkably strong stimulating nicotine action. 
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BASIS FOR THE PHYSIOLOGICAL ACTIVITY OF ONIUM 
COMPOUNDS 


XIV. ARYL ETHERS OF CHOLINE. I* 
By R. R. RENSHAW W. D. ARMSTRONG? 


(From the Department of Chemistry, New York University, New York) 
(Received for publication, August 2, 1933) 


This is the second of a series of papers describing the preparation 
and properties of ethers of choline, formocholine, and homologous 
compounds.! Until this work began very few ethers of choline 
had been prepared and investigated, although it had been shown 
that certain of them had pharmacological properties of some in- 
terest. In general, however, they were much less active than the 
esters of choline, particularly the acetates. Due to the greater 
stability of the ethers as compared with certain other choline 
derivatives, we thought it desirable to investigate the field in 
some detail. 

We are particularly interested in studying the aryl ethers of 
choline because at the time when the work described in this paper 
was done there had been no report on such compounds, and also 
because it had been shown that when a phenyl radical was intro- 
duced in betaine amide the blood pressure-lowering action (mus- 
earine action) of these derivatives was abolished and the stimulat- 
ing nicotine action greatly enhanced (2). 

If the idea is accepted that in combination the valence angles of 


* This problem is being carried out in cooperation with Dr. Reid Hunt 
of the Harvard Medical School. The physiological data are the basis of 
another series of papers published elsewhere. 

t This paper is constructed from a part of a thesis presented by W. D. 
Armstrong, June, 1928, for the degree of Master of Science at New York 
University. 

The authors wish to express their appreciation to Parke, Davis and Com- 
pany for a fellowship which has made this work possible. 

' For the first paper which deals with the synthesis of the phenyl ethers 
of certain heterocyclic onium compounds see Renshaw and Shand (1). 
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the oxygen atom and of the nitrogen atom approach a tetrahedral 
form and that the nearness of this approach is determined by 
fundamental properties of those atoms as well as by the character 
of the groups to which they are combined (3), it may be assumed 
that the phenyl radicals of the N-phenylamide of betaine and of 
the phenyl ether of choline tend to have the same space relation 
with regard to the nitrogen atom of the trimethylammonium 
group in each substance, and the compounds would tend, there- 
fore, to show the same selective adsorption on the nerve element 
producing similar types of physiological response. The absence 
of the carbonyl oxygen in the choline ether would be expected to 
bring about a variation in the intensity of the actions. Hunt has 
found this to be true (3). The phenyl ether of choline was often 
half or more than half as active as nicotine in causing a nicotine- 
like rise of blood pressure.? 


EXPERIMENTAL 


B-Phenoxyethyltrimethylammonitum Bromide, 
N(CH;);Br—15 gm. of B-bromoethylphenyl ether in 25 ce. of 
toluene were condensed in a pressure bottle with 4.4 gm. of tri- 
methylamine by allowing the mixture to stand over the week-end 
and finally heating 1 hour at 50°. The resulting erystals were 
separated and recrystallized from absolute aleohol from which 
the product separated as small plates. M.p. 167° (corrected). 
The product is soluble in water and hot absolute alcohol, insoluble 
in acetone, ether, and toluene. 


Analysis 
C,,HsONBr. Calculated, Br 30.73; found, Br 30.85, 30.79 


y-Phenoxypropyltrimethylammonium Bromide, C yl1s—O—C3H 
N(CH;);Br—20 gm. of y-bromopropylphenyl ether, 5.5 gm. of 
trimethylamine, and 25 ec. of toluene were allowed to stand in a 
pressure bottle overnight and then heated for 2 hours at 70°. The 
resulting product was purified by several crystallizations from a 
hot mixture of absolute aleohol and ether. So obtained, it erystal- 
lizes in small leaflets which are soluble in water, moderately soluble 


2 This stimulation of the blood pressure along with a pronounced stimu- 
lating action on the respiration caused Hunt to suggest that this ether 
might have an antidotal action to narcotic poisons. 
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in cold absolute alcohol, and insoluble in acetone, toluene, and 
ether. M.p. 156° (corrected). 


Analysis 
C,H;,ONBr. Calculated, Br 28.51; found, Br 28.45, 28.39 


SUMMARY 


The preparation of B-phenoxyethyl- and y-phenoxypropyl- 
trimethylammonium bromides have been described. The former 
is a highly active compound producing a very marked stimula- 
tion of the blood pressure and the respiration. 
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4-(OR 5-)HYDROXYMETHYL-2-THIOLIMIDAZOLE 


By ARNOLD O. JACKSON anp CARL 8S. MARVEL 
(From the Chemical Laboratory of the University of Illinois, Urbana) 


(Received for publication, August 21, 1933) 


The preparation of 4-(or 5-)hydroxymethyl-2-thiolimidazole 
(IV) was undertaken, since it appeared to be the most logical inter- 
mediate for the synthesis of ergothioneine (6 ,2-thiolimidazolyl- 
propiobetaine) (1). w-Bromoacetonylphthalimide (1) was pre- 
pared by the method of Gabriel (2) and converted to the acetyl 
derivative of the corresponding hydroxyl group (II) by the action 
of sodium acetate. Hydrolysis of this phthalimide derivative gave 
hydroxyaminoacetone hydrochloride (III) and this, when treated 
with potassium thiocyanate according to the usual method (3), 
yielded the desired 4-(or 5-)hydroxymethyl-2-thiolimidazole (IV). 
The structure of the new derivative was established by oxidation 
with ferric chloride according to the general method of Pyman (4) 
to yield the known 4-(or 5-)hydroxymethylimidazole (V) which was 
isolated as the picrate (5). The new derivative also gave color 
reactions which are characteristic of 2-thiolimidazoles (4, 6, 7). 


CO 
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When 4-(or 5-)hydroxymethyl-2-thiolimidazole was treated 
with hydrogen chloride or thionyl chloride in attempts to obtain 
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the chloromethyl derivative, a polymeric product was always 
obtained. This product gave the color reactions of a 2-thiolimid- 
azole, so the coupling of the molecules must have occurred between 
the side chain —CHg, group and either the secondary amine or the 
active —CH group of the ring. 

Some further reactions which were carried out in an attempt to 
obtain ergothioneine from w-bromoacetonylphthalimide are de- 
scribed in the experimental part of this paper in order that the 
new compounds which were obtained may become a matter of 


record. 


EXPERIMENTAL 


w-Acetoxyacetonylphthalimide—A solution of 50 gm. of w-bromo- 
acetonylphthalimide and 18 gm. of fused sodium acetate in 600 ce. 
of absolute alcohol was refluxed for about 4 hours. The reaction 
mixture was then poured into 300 cc. of water and cooled in an ice 
bath. The product separated in white crysta’s which melted at 
140-142°. The yield was 25 to 30 gm. (54 to 65 per cent of the 
theoretical amount). Further crystallization from alcohol raised 
the melting point to 141—142°. 


Analysis—C,;H,,O;N. Calculated, N 5.37; found, N 5.49, 5.45 


Gabriel (2) has described this compound as w-hydroxyacetonyl- 
phthalimide. The analysis of our product and the fact that acetic 
acid was obtained on hydrolysis furnish conclusive proof that the 
compound was really the acetyl derivative of the alcohol. 

Hydroxyaminoacetone Hydrochloride—A suspension of 25 gm. of | 
w-acetoxyacetonylphthalimide in 300 cc. of 20 per cent hydro- 
chlorie acid was stirred with a mechanical stirrer and heated to 
85~-95° under a reflux condenser for about 3 hours. The phthali- 
mide derivative was in solution after the first 15 minutes. At the 
end of the heating period, the solution was cooled in an ice-salt 
bath and the phthalic acid which separated was removed by filtra- 
tion. The filtrate was evaporated to dryness under reduced 
pressure and the residue was washed with cold, dry acetone. The 
yield was 3 to 5 gm. (25 to 42 per cent of the theoretical amount) 
of a product which melted at 136—137°. The product was usually 
white. It could be crystallized from absolute alcohol and an- 
hydrous ether but the melting point was not changed. 
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Analysis—C3HsO2NCl. Calculated, Cl 28.28; found, Cl 28.46 


4-(or d5-)Hydroxymethyl-2-Thiolimidazole—14 gm. of the above 
hydrochloride were added in small portions to a warm solution 
of 12 gm. of potassium thiocyanate in 20 ec. of water and the solu- 
tion was then heated on a steam cone for about 14 hours. The 
eolorless solution gradually darkened and a solid separated during 
the heating period. | 

When the reaction seemed to be complete, the mixture was 
cooled in an ice bath and filtered. The precipitate was recrystal- 
lized from hot water. Norit was used as a decolorizing agent. 
The pure product weighed 4 gm. (27 per cent of the theoretical 
amount) and melted at 203—204°. 


Analysis—C,H,ON.S. Calculated. N 21.54, S 24.61 
Found. “91.56, “24.61 


This product reduced potassium permanganate solution in the 
cold (4), gave a positive Hunter’s test (6), and with an auric chlo- 
ride solution gave a red color which faded in 30 minutes (7). 
These tests are all characteristic of 2-thiolimidazoles. 

In order to establish the structure of the new thiolimidazole be- 
yond question, 1.3 gm. of the product in 50 ce. of water were oxi- 
dized with a solution of 8 gm. of ferrie chloride in 20 ec. of water. 
The mixture was heated on the steam cone for about 45 minutes, 
cooled, neutralized with 10 per cent sodium carbonate solution, 
and filtered. To the filtrate were added 2.5 gm. of picrie acid 
dissolved in 15 ec. of hot water. The resulting yellow solution was 
heated to boiling, treated with a little norit, and filtered. On 
cooling the filtrate, yellow crystals separated. After recrystalliza- 
tion from hot water, the compound melted at 206-207°. Pyman 
reports the melting point of the picrate of 4-(or 5-)hydroxymethyl- 
imidazole as 207° (5). 


Analysis—C,o9H 9OsN;. Calculated, N 21.40; found, N 21.04 


Attempts to Prepare 4-(or 5-)Chloromethyl-2-Thiolimidazole—To 
a solution of 3 gm. of the hydroxy compound in 75 ce. of chloro- 
form were added 6 gm. of thionyl chloride. The mixture was 
refluxed until hydrogen chloride was no longer evolved (about 3 
hours) and the solid was collected on a filter. 
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The product could be recrystallized from aqueous acetone. It 
decomposed at 265° but did not melt. It was very soluble in 
water, gave a positive Hunter’s test (6) fora 2-thiolimidazole, and 
contained halogen. The same product was obtained by treating 
the hydroxy compound with thionyl chloride at 20—25°, or with 
concentrated hydrochloric acid at 70—-75°, or with dry hydrogen 
chloride at 20-25°. It was apparently a hydrochloride of a 
polymer of about 5 molecules of the original compound. 


Calculated, Cl 23.3; found, Cl 22.1 


This hydrochloride was dissolved in water and treated with 
sodium carbonate solution. A solid which did not contain halogen 
separated. No satisfactory solvents for this material could be 
found. After it was washed with water and acetone and dried, 
it decomposed at 300°. The qualitative color tests (4, 6, 7) for a 
2-thiolimidazole were positive. 


Analysis 
CopH2ON Calculated. C 41.52, H 3.80, N 24.22, 27.68 
Found. 41.48, 4.33, 21.84, 27.84 


w-Phthalimidoacetonyleyanacetamide—By the usual procedure 
w-bromoacetonylphthalimide was condensed with cyanacetamide. 
The condensation was carried out at room temperature and the 
solution was only heated to boiling for about 5 minutes after the 
reaction was nearly complete. The product was recrystallized 
from alcohol. The yield was 66 to 73 per cent of the theoretical 
amount of a product melting at 196—-197°. 


Analysis—C,,H;,0,N;. Calculated, N 14.73; found, N 14.48 


With malonie ester the alkylation reaction did not run smoothly 
and a considerable amount of diphthalimidoacetone, m.p. 268- 
269° (8), was formed. Some oily product which was apparently 
the desired substituted malonic ester was obtained but could not 
be purified. 

Bromination of w-Phthalimidoacetonyleyanacetamide—A solution 
of 2 gm. of w-phthalimidoacetonyleyanacetamide in 50 ec. of 
glacial acetic acid was warmed to 50° and then 1.1 gm. of bromine 
in 15 ce. of glacial acetic acid were added dropwise. The mixture 
was stirred during the bromination. A yellow solid separated 
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during the reaction. When the bromine color was no longer 
apparent, this yellow precipitate was collected on a filter and re- 
crystallized from acetone. It melted at 299-300° (Maquenne 
block). 


Analysis—C\,H,oOsN3Br. Calculated, Br 21.98; found, Br 21.70 


The acetic acid mother liquors from which this compound had 
separated were evaporated to dryness and the residue was heated 
with hot acetone to remove the remainder of the above mono- 
bromo derivative. The acetone-insoluble portion was then recrys- 
tallized from n-butyl aleohol. The product melted at 345-346° 
(Maquenne block) and analysis indicated that it was a dibromide. 


Calculated, Br 36.12; found, Br 35.80 


No satisfactory method of establishing the position of the bro- 
mine atoms in these molecules was devised. 

The microanalyses reported in this paper were made by Mr. Kk. 
Ider. 


SUMMARY 


4-(or 5-)hydroxymethyl-2-thiolimidazole has been prepared and 
its structure established by conversion to known compounds. At- 
tempts to convert it to the corresponding chloride gave only a 
complex polymeric product. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE 
BACILLI 


XXXV. THE CONSTITUTION OF PHTHIOCOL, THE PIGMENT 
ISOLATED FROM THE HUMAN TUBERCLE 
BACILLUS* 


By R. J. ANDERSON anp M. 8S. NEWMANT 
(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, September 9, 1933) 


INTRODUCTION 


In Paper XXXIV of this series (1) we described the isolation 
of a pigment from the ether-soluble constituents obtained on sa- 
ponification of the acetone-soluble fat. The present report deals 
with the determination of the chemical constitution of the pigment. 
In order to indicate its origin, we propose to designate the pigment 
by the name phthiocol. 

Phthiocol crystallizes in yellow prisms which melt at 173-174°. 
It is volatile with steam and soluble in all common organie solvents 
except petroleum ether. It forms deep red, water-soluble salts 
with alkalies and other bases. In fact, a red color develops so 
easily in the presence of alkali that the heated portions of the 
melting point tubes become red as do also filter papers after filter- 
ing solutions of phthioco!. 

The elementary composition of phthiocol agrees with the for- 
mula C,,HsgO3. On direct acetylation a light yellow monoacetate 
is obtained and this compound, on reductive acetylation by reflux- 
ing with zine dust and acetic anhydride, is converted into a color- 
less triacetate. This indicates a quinone linkage in the original 
substance and thus the 3 atoms of oxygen are accounted for, 1 


* The present report is a part of a cooperative investigation on tuber- 
culosis; it has been supported partly by funds provided by the Research 
Committee of the National Tuberculosis Association. 

+ Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1932-33. 
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as a hydroxyl group, the other 2 as a quinone. ‘The yellow color 
of phthiocol and its volatility with steam point to an a-quinone 
rather than to a B-quinone. On oxidation in alkaline solution 
with hydrogen peroxide phthalic acid was obtained. 

We conclude from the above data that phthiocol is 2-methyl-3- 
hydroxy-1,4-naphthoquinone. 


This formula has been confirmed by synthesis. The synthesis 
will be reported in a separate publication. 

The compound, 2-methyl-3-hydroxy-1,4-naphthoquinone, a met- 
abolic product of the human tubercle bacillus, has not been de- 
scribed heretofore in the chemical literature and apparently has 
never been isolated previously from a natural product or prepared 
by synthetic methods. Phthiocol is an analogue of lapachol (2) 
and an isomer of plumbagin (3). 


EXPERIMENTAL 


The yellow crystalline pigment, obtained as described in Paper 
XXXIV (1), weighed 170 mg. It was necessary therefore to 
carry out our experiments on small quantities of material and to 
employ micromethods of analysis.! 

Preparation of Monoacetyl Derivative—The pigment, 34 mg., was 
dissolved in 4 ec. of pyridine, giving a deep red-colored solution to 
which, after cooling in ice water, was added 1 ce. of acetic anhy- 
dride. The solution became nearly colorless on adding the acetic 
anhydride, but after standing for a short time a light red color 
developed. After the solution had stood for 20 hours at room tem- 
perature, it was poured into 100 ce. of dilute hydrochloric acid. 
The mixture turned faintly cloudy, and after a few minutes light 
yellow-colored needles began to separate. After cooling, the 


1 We are indebted to Professor H. T. Clarke of Columbia University for 
the microanalyses. 
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crystals were filtered off, washed thoroughly with cold water, and 
dried in a vacuum desiccator. The yield was30mg. The filtrate, 
which was slightly yellow in color, was extracted with ether. The 
ethereal solution was washed with water, filtered, and evaporated 
to dryness; a small amount of a yellow crystalline residue was 
obtained. This residue was combined with the crystals mentioned 
above and dissolved in 3 ec. of methyl aleohol. The yellow-colored 
solution was treated with norit, filtered, and the filter paper was 
washed with hot methyl alcohol. The norit apparently did not 
remove any of the coloring matter. The solution was concentrated 
to a volume of 3 cc. and diluted with 3 cc. of water, whereupon 
lemon-yellow delicate needles separated. After the mixture had 
been cooled in ice water for some time, the crystals were collected 
on a small Buchner funnel, washed with cold 50 per cent methyl 
aleohol, and dried zn vacuo. The erystals weighed 25 mg. and 
under the microscope they appeared to be homogeneous. 

The erystals showed no acid reaction on moist litmus paper, but 
when dissolved in methyl alcohol, the solution was faintly acid to 
litmus. An alcoholic solution of the substance gave a bright red 
color on the addition of potassium hydroxide. 

When heated ina capillary tube, the substance melted at 101—102° 
and on cooling the melt solidified at 86° to a yellow crystalline mass 
which remelted at 106—-107°. The melting points were sharp. 


Analysis—3.445 mg. substance: 1.36 mg. H2O, 8.59 mg. CO, 
C,;H,0O;-CH;CO (230). Calculated. C 67.82, H 4.34 
Found. 68.00, 4.42 


Molecular Weight—-0.227 mg. of substance in 2.420 mg. of cam- 
phor gave « depression of 16.3° of the melting point. Found, mol. 
wt. 230. 

The values found on analysis as well as the molecular weight are 
in agreement with the calculated composition of a monoacetyl 
derivative and the results indicate that the pigment contains one 
hydroxyl group. 

Preparation of Triacetyl Derivative—The monoacety]! derivative 
was prepared as Just described; 50 mg. of the pigment yielded 60 
mg. or 98 per cent of the lemon-yellow-colored crystals. The 
product was refluxed for 30 minutes with 10 cc. of acetic anhydride, 
2 ec. of glacial acetie acid, 0.5 gm. of fused sodium acetate, and 1.5 
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gm. of zine dust. ‘The clear colorless solution was allowed to cool 
and was decanted from the undissolved zine into 100 ce. of cold 
water. The zinc dust was rinsed twice with boiling glacial acetic 
acid and the washings were decanted into the aqueous solution. 
When the acetic anhydride was decomposed, a compact colorless 
substance separated and was filtered off, washed with water, and 
dried in vacuo. The substance weighed 65 mg. Extraction with 
chloroform removed from the filtrate an additional small quantity 
of the triacetyl derivative which was combined with the main lot 
and crystallized from 50 per cent methyl alcohol, yielding 73 mg. 
of colorless prismatic crystals, m. p. 148°. 

The substance was recrystallized from methyl alcohol by adding 
water; 66 mg. of small colorless prisms were obtained. ‘This prepa- 
ration has a peculiar melting point, or rather two melting points. 
When heated in a capillary tube, the substance fuses quite sharply 
at 148° to an opaque mass which on continued heating becomes 
clear at 158-159°. The melted substance does not crystallize on 
cooling but remains as a transparent glassy mass. 


Analysis—3.596 mg., 4.034 mg. substance: 1.65 mg., 1.88 mg. H.O, 8.53 
mg., 9.58 mg. CO, 
C,,H70;(CH;CO); (316). Calculated. C64.55, H 5.05 
Found. 64.69, 5.13 
‘64.77, 5.21 


Molecular Weight—0.214 mg. of substance in 2.754 mg. of cam- 
phor gave a depression of 10°. Found, mol. wt. 311. 

The results of the analyses and the value for the molecular weight 
are in close agreement with the calculated composition of a tri- 
acetyl derivative. 

Oxidation of Pigment. Formation of Phthalic Acid—Ffor the 
oxidation, 50 mg. of the crystalline pigment were dissolved in 5 
ec. of 0.1 N NaOH, giving a dark red solution to which were added 
2.5 ee. of superoxol (Merck). On standing at room temperature, 
the color gradually disappeared and after 3 hours the solution was 
colorless. The solution was acidified with hydrochloric acid and 
extracted several times with ether. After the ether was distilled 
- off, anearly colorless crystalline residue was obtained which weighed 
35 me. 

The substance was recrystallized from water, yielding colorless 
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long prismatic crystals. On moist litmus paper the crystals showed 
wu strong acid reaction. ‘The powdered substance when rapidly 
heated melted with effervescence at 210°. The melt solidified at 
110° and remelted at 130-131°. There was no change in the melt- 
ing points when some of the substance was mixed with phthalic 
acid. There separated in the cool portion of the melting point 
tube a colorless crystalline deposit of phthalic anhydride. There 
was not a sufficient quantity of the purified substance for analysis, 
but we believe that the melting points given above show that the 
oxidation product was phthalic acid. 


SUMMARY 


The yellow crystalline pigment isolated from the acetone-soluble 
fat of the human tubercle bacillus has been named phthiocol. 

The reactions, properties, and derivatives of phthiocol indicate 
that it is 2-methyl-3-hydroxy-1,4-naphthoquinone. 
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THE DETERMINATION OF GLYCOGEN* 


By MELVILLE SAHYUN 


(From the Department of Bacteriology and Experimental Pathology, 
Stanford University, California) 


(Received for publication, August 23, 1933) 


In an earlier paper (1) on the determination of glycogen in tis- 
sues, the author introduced several improvements into the well 
known method of Pfliiger. ‘These may be summarized as follows: 
(1) the use of centrifuge tubes and centrifugal force, thus eliminat- 
ing the slow process of filtration and possible losses occurring by 
transferring the materials from one vessel into another, (2) the 
addition of small quantities of activated charcoal to insure the 
complete precipitation of glycogen, and (3) the substitution of 
sulfuric for hydrochloric acid, for upon neutralization the chloride 
ions were found to be objectionable in some colorimetric methods 
for glucose determination. Further, the author confirmed the 
findings of earlier workers (2) that 30 minutes were sufficient for 
the hydrolysis of tissues by potassium hydroxide. ‘The results of 
such improvements were a considerable saving of time and a 
greater accuracy, especially in the determination of small amounts 
of glycogen. 

Recently Good, Kramer, and Somogyi (3) objected to the use 
of charcoal on the basis that incomplete hydrolysis of the glycogen 
adsorbed on charcoal takes place. Although the author did not 
stress the quantity and the kind of charcoal to be used in glycogen 
determination, he mentioned in his directions the addition of 
about 50 mg. of Merck’s activated charcoal. In testing Sahyun’s 
method (1) Good, Kramer, and Somogyi (3) used 400 mg. instead 
of 50 mg. and substituted norit for Merck’s charcoal. Since its 
publication Sahyun’s method was used in more than 1000 deter- 
minations in our laboratories with excellent results. However, 


* This investigation was supported in part by a grant from Eli Lilly 
and Company. 
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in view of the above criticism on the use of charcoal, it is deemed 
necessary to furnish further evidence on the recovery of glycogen 
as glucose from the adsorbed charcoal and stress emphatically the 
amount that could be safely used in glycogen determination. 


EXPERIMENTAL 


Glycogen—In testing the recovery of glycogen adsorbed on 
charcoal as glucose through hydrolysis with 1 N sulfurie acid, a 
pure preparation of glycogen was used. It was prepared accord- 
ing to Sahyun and Alsberg’s method (4). 

Charcoal—Norit and Merck’s medicinal charcoal were employed 
They were purified as previously described (1). Customarily 


TABLE I 
Hydrolysis of Glycogen in 1 n Sulfuric Acid in Presence of 25 Mg. of Merck’s 
Charcoal 
Sample No. Glycogen Sample No. Glycogen 
m mg. mg. md. 
1 None 20.6 9 None | 11.0 
2 20.4 10 11.2 
3 25 20.6 11 20) 10.9 
4 25 20.2 12 20 | 11.0 
5 25 20.6 ae 20) | 10.8 
6 25 20.1 14 20) | 11.2 
7 25 20.2 15 20 11.2 
8 25 20.4 16 20 | 11.0 


in the determination of glycogen in tissues, the amount added 
was not weighed but estimated with a small spatula. In this in- 
vestigation this amount was accurately weighed. It was found to 
be from 20 to 30 mg. only. 

In the experiments, the results of which are reported in Table I, 
25 mg. of activated Merck’s charcoal were added to each sample of 
glycogen. Pure glycogen was dissolved in water and from a 1 per 
cent stock solution the amount desired was carefully measured. 
Glucose values were converted to glycogen by multiplying by the 
usual factor 0.927. 

The results in Table I indicate very clearly that the addition of 
25 mg. of Merck’s charcoal did not prevent the hydrolysis of gly- 
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cogen in 1 wn sulfuric acid from going to completion. The time 
for hydrolysis in each instance was 2 hours. Experiments with 
25 mg. of norit yielded similar results. 

In the next experiment larger amounts of charcoal were used, 
and these are indicated in Table II. The conditions are as in the 
former experiments. 

It is also apparent from this experiment that with 50 mg. of puri- 
fied charcoal, whether Merck’s or norit, glycogen was fully re- 
covered as glucose. However, when larger amounts of charcoal 
were employed, results similar to those reported by Bancroft and 
Fry (5) and Good, Kramer, and Somogyi (3) were obtained. This 


TABLE II 
Hydrolysis of Glycogen in 1 nN Sulfuric Acid in Presence of Large Amounts of 
Charcoal 
Charcoal 
Sample No. Glycogen 
Kind Amount 
mg. mg. 

1 None 19.5 

2 19.6 

3 Norit 50 19.6 

4 Merck’s 50 19.6 

5 Norit 100 16.8 

6 Merck’s 100 18.1 

7 Norit 200 13.5 

s Merck’s 200 | 15.8 


is probably due to the inability of the hydrogen ions to come in full 
contact with the larger molecules of glycogen. 

Sulfuric acid itself is but slightly adsorbed on charcoal (Rona 
and Michaelis (6)). In this laboratory experiments were per- 
formed on the adsorption of sulfuric acid on both kinds of charcoal 
used. The conditions are as follows: 

100, 200, and 400 mg. of norit and Merck’s charcoal, respec- 
tively, were introduced into Pyrex test-tubes and to each 10 ce. 
of 1’x H,SO, were added. The tubes were fitted with loose glass 
stoppers and immersed in a boiling water bath for 5 minutes, 
removed, cooled to room temperature, and filtered. Control 
samples of 1 N sulfuric acid were similarly treated without char- 
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coal. Duplicate samples of each were titrated against 0.1 N 
sodium hydroxide. The difference between the amount of 
0.1 N sodium hydroxide required for the control samples of sulfuric 
acid and that of sulfuric acid and charcoal was considered the 
amount adsorbed. The results are expressed in terms of nor- 
mality and are found in Table ITT. 


TABLE III 
Adsorption of 0.1 n Sulfuric Acid on Charcoal 
Charcoal 
Sample No. Adsorbed 
Kind Amount 
mg. cc 
1 Norit 100 1.50 
2 200 3.00 
3 400 5.25 
4 Merck’s 100 0.50 
5 200 1.00 
6 400 2.00 
TABLE IV 
Hydrolysis of Glycogen in 5 nw Sulfuric Acid 
Time Glycogen (theoretical amount 20 mg.) 
min mg. 
16.1 
10 20.0 
20 20.0 
30 20.0 
40 20.3 
50 19.8 
60 20.3 


It appears from this experiment that the amount of sulfuric 
acid adsorbed on charcoal is very little even in the presence of 
the largest amounts of charcoal used, viz. 400mg. In the presence 
of small amounts of charcoal, the sulfuric acid adsorbed may be 
regarded as negligible. 

Hydrolysis of Glycogen in 5 N Sulfuric Acid—In this experi- 
ment data are presented to show that a great saving of time could | 
be accomplished in the estimation of glycogen by its hydrolysis in - 


i 
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a higher concentration of sulfuric acid. 2 cc. of 1 per cent glyco- 
gen were introduced into Pyrex test-tubes fitted with loose glass 
stoppers and to each 2 ce. of 10 N sulfuric acid were added, thus 
rendering the final concentration of acid 5 nN. They were im- 
mersed in a boiling water bath. 3 minutes were allowed before 
the time was counted; then samples were removed at various 
intervals of time as indicated in Table IV. 

From the data in Table IV it is obvious that complete hydroly- 
sis takes place in 10 minutes (13 minutes from the time the tube 
was immersed in the boiling water bath). This is, indeed, re- 
markable as it shortens the time of hydrolysis to 15 minutes only 
or 20 minutes at the utmost. Caution should be observed to use 
sulfuric acid as sparingly as possible, especially when a small 
amount of glycogen is found in the sample; otherwise, the large 
amounts of sodium sulfate formed upon neutralization may be 
objectionable in some sugar determinations. It is, therefore, de- 
sirable to keep the volume of 5 N sulfuric acid as small as possible. 

The addition of 25 and 50 mg. of charcoal to samples of glyco- 
gen, followed by hydrolysis in 5 n sulfuric acid, did not alter the 
time required for the completion of the hydrolysis of glycogen | 
reported above. 


SUMMARY 


The evidence presented in this paper indicates very clearly that 
the addition of small amounts of charcoal to insure the complete 
precipitation of glycogen does not interfere in the least with its 
hydrolysis. However, the author emphasizes the point that 
the charcoal, whether norit or Merck’s, should not be added in 
quantities of more than 50 mg. A small quantity of 20 to 30 
mg. is easily estimated on the tip of a spatula without weighing 
and is sufficient to accomplish the purpose for which it is added. 
When larger amounts of charcoal are employed, the data presented 
in this investigation are in harmony with those obtained by Ban- 
croft and Fry (5) and Good, Kramer, and Somogyi (3). 

If desired, a great saving of time is made by hydrolyzing the 
precipitated glycogen in 5 Nn sulfuric acid. ‘The author considers 
20 minutes to be the optimum time, although 15 minutes were 
observed to be sufficient. He further recommends that the final 
volume of the 5 N acid solution be kept as small as possible. 
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AN APPARATUS FOR AUTOMATICALLY MEASURING THE 
RESPIRATORY EXCHANGE OF SMALL ANIMALS* 
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INTRODUCTION 


The purpose of this communication is to describe a closed 
circuit type of metabolism apparatus for small animals which 
permits automatic measurement of both oxygen consumption and> 
carbon dioxide production. The records obtained are almost 
continuous, the intervals separating successive estimations being 
2 minutes for carbon dioxide and 35 minutes, or less, for oxygen. 
Iixperiments may be continued over many hours with but little 
need of attention by the observer. Changes in the metabolic 
rate of brief duration but oftentimes of great intensity, such as 
those resulting from vigorous activity or from small amounts of 
administered calorigenic substances, may readily be observed and 
measured. ‘These effects are often entirely lost when measure- 
ments are made at long intervals. 

The distinctive features referred to do not seem to have been 
embodied in other types of apparatus now available. In most, the 
intervals between successive estimations range from 20 minutes to 
several hours, which is too long for certain purposes. In some, no 
provision is made for the measurement of carbon dioxide. In 
others, if not in all, either the oxygen consumption or carbon 
dioxide production, or both, requires estimation from interval to 
interval by tedious manipulation. 


Description of Apparatus 


General Plan—The relative arrangement of the different parts 
of the apparatus will be seen in Fig. 1. The air is caused to 


* This work was supported in part by the Rockefeller Fluid Research 
Fund of the School of Medicine of Stanford University. 
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circulate at constant speed by a pump (A). When it leaves the 
pump, it flows through the animal chamber (B) and is bubbled 
through the absorption cell (C), which removes the carbon dioxide. 
On leaving the absorption cell, it passes the side tube (D) through 
which fresh oxygen enters the system, and completes the circuit 
by reentering the pump. 

The water bath, in which much of the apparatus is immersed, 
is large enough to contain a second unit, identical in all respects 
with the first. The advantage of operating a dual unit apparatus 


Fic. 1. Metabolism apparatus. A, pump; B, animal chamber; C, absorp- 
tion cell; D, tube connecting oxygen reservoir and circulating system; 


E, cage; F, inflated balloon connected with tambour; G, oxygen reservoir; 
H, bumper for float. 


is not only in the multiplication of the number of experiments 
capable of completion in a given time, but also in the economy of 
materials: the two pumps are operated by a single motor; all the 
kymograph data (seven tracings) from both experiments are 
recorded on a single sheet of smoked paper, 6 inches in width; 
and the conductivity measurements for both carbon dioxide 
determinations are made and recorded by a single instrument. 
Animal Chamber and Activity Recorder—The animal chamber 


| | 
| | | 
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(5) is « brass cylinder, tin-lined, measuring 16.5 cm. in diameter 
and 13 em. in depth, having a volume of 2.8 liters. Extending 
outward from the upper edge of the side wall is a flange 3 em. wide, 
to which is cemented a gasket of soft sheet rubber. A circular 
cover of the same diameter as the flange consists of a piece of plate 
glass to which is cemented a rubber gasket identical in size and 
material to that on the flange, and a ring of brass cemented to the 
rubber. The cover is set in place so that the glass lies between the 
two sheets of rubber and four brass clamps are used to tighten 
the cover against the flange gasket. During the experiment, the 
animal chamber is entirely under water. In the 16 months during 
which we have used this apparatus, there has never been a leak 
between the cover and the chamber. ‘The glass cover is of value 
in permitting the animal to be seen by the experimenter and in 
admitting light to the chamber. In the case of the white rat, 
light is a quieting influence and so is desirable. 

Within the chamber is a circular cage (/£), 13.5 cm. in diameter 
and 7 em. deep, with a hinged cover which is held closed with two 
fasteners. The cage is made of 13 mm. square mesh brass wire. 
At three equidistant points, it is suspended by springs from hooks 
soldered to the inside of the wall of the chamber. In the center 
of the floor of the chamber, a circular well 5.5 cm. in diameter, 
tapers down to a hole the size of a No. 5 rubber stopper. The 
neck of a small balloon (/) of rather heavy rubber is pulled over 
the tapered end of a 1-hole stopper which is then inserted in the 
hole so that the balloon rises from the floor beneath the cage. <A 
tube through the stopper leads to a tambour. ‘Thus, the rubber 
balloon, tube, and tambour form a closed system. ‘The springs 
by which the cage is suspended support the greater part of its 
weight and the weight of the animal it contains, so that it rests 
lightly on the inflated balloon. By the proper choice of springs 
and of degree of inflation of the balloon-tambour system, the 
tambour needle will record on a kymograph paper the slightest 
movement of the animal. 

The system—cage, balloon, tube, and tambour-—is not a com- 
plex arrangement and there is little chance of failure to obtain a 
satisfactory record if the balloon is sufficiently inflated. If the 
tambour membrane is of very thin rubber, we have found that the 
pressure necessary to give proper action in the balloon will expand 
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the membrane so much that its sensitivity is lost, or the needle 
may even be forced up to such an extent that it is held rigid and no 
record obtained. A membrane of rubber cut from a_ balloon 
identical to that used below the cage makes this a well balanced, 
dependable system, possessing ample sensitivity. 

Carbon Dioride Absorption Cell—The rate of earbon dioxide 
production is measured by the decrease in electrical conductivity 
of an absorbing solution of barium hydroxide. ‘The arrangement 
of the cell will be seen in Tig. 2. The neck of the container is 
double, allowing the head to set into a mercury seal which gives 
ease in removing and replacing the head with assurance against 
leaks. ‘The head carries the inlet tube, outlet tube, and electrodes. 
The inlet terminates 5 ecm. beneath the surface of the solution 
in a ball pierced with many small holes.!. The air charged with 
carbon dioxide coming from the animal chamber is forced out 
through the holes in small bubbles. The rising of the bubbles 
through the solution not only brings the carbon dioxide into 
contact with the barium hydroxide, but agitates the solution so 
thoroughly that the concentration is kept uniform in all parts of 
the cell. Immersion of the bubbler to a greater depth would 
necessitate the maintenance of a higher pressure in the system, 
which would require correspondingly greater depth in mercury 
seals which are used at various points, and would increase the 
possibility of leaks in the apparatus. Since the absorption and 
stirring action are both entirely adequate with our rate of ventila- 
tion, which is less than 2.8 liters per minute, deeper immersion of 
the bubbler could be only a disadvantage We have found that 
with a cell container of a height greater than 25 em. up to the double 
seal, which gives about 20 em. depth of solution, the stirring action 
is not sufficient under our conditions. Our cells are all shorter 
than the above figure. The volume of solution used is always 1 
liter, in order to simplify the calculations. The outlet tube of the 
cell is sealed into the head and does not extend below it. 

1In place of the perforated ball, we have sometimes used a ring per- 
forated along its entire length, which surrounds the stem of the electrodes. 
This gives more vigorous stirring for the same flow of airthan the ball and is 
less desirable in a container of the shape shown in Fig. 2 because of the 
vigorous frothing of the solution into the head and outlet tube. <A few of 
our cells are made from 1 liter Erlenmeyer flasks and with this shaped 


container the ring bubbler is more satisfactory than the ball, which fails to 
stir the solution thoroughly at the bottom of the cell. 
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A study of the relation between the concentration of barium 
hydroxide solutions and their electrical resistance (1) has shown 
that a small change in concentration corresponds to a great change 
in resistance for very dilute solutions, and that for solutions of 
greater and greater concentrations the corresponding resistance 
change is progressively less. ‘To bring experimental errors to 2 
minimum, the concentration of the cell solution must be the lowest 
that will effect complete absorption of the carbon dioxide. A 
second absorption vessel was put in series with the cell and it was 
found that carbon dioxide introduced into the cell at the rate of 
200 ce. per hour was completely absorbed until the resistance 
exceeded 150 ohms. Beyond that point, precipitation of barium 
carbonate in the second absorption vessel showed that the barium 
hydroxide in the cell solution failed to react with all the carbon 
dioxide introduced. To give ample assurance of complete ab- 
sorption, the upper limit of our resistance range was set at 100 
ohms. 40 ohms was chosen as the lower limit, since below this 
value the change in resistance per unit change in concentration 
becomes considerably less than it is in the interval between 40 and 
100 ohms. ‘These resistance limits correspond to the concentra- 
tions, 8 gm. per liter and 3 gm. per liter, respectively. 1 liter of 
solution is used in the cell, which gives a possible loss of 5 gm. of 
barium hydroxide in the useful interval of resistance change. 1 
mol of barium hydroxide is removed by 1 mol of carbon dioxide. 
Since 1 liter of carbon dioxide at standard temperature and pres- 
sure weighs 1.9769 gm. (2) (0.0449 mol), 1 liter of carbon dioxide 
at standard conditions will remove 0.0449 mol of barium hydroxide 
or 7.696 gm. Since we have a possible loss of 5 gm., our cell will 
absorb 650 ec. of carbon dioxide under standard conditions, during 
the resistance change from 40 to 100 ohms. When the experi- 
mental animal is a white rat, weighing about 200 gm., this amount 
of carbon dioxide is produced during 3 to 3} hours. Since an 
experiment usually lasts longer than this, the apparatus includes a 
second cell, identical with the first, which may be thrown into the 
circuit in place of the first without a break in the course of the 
experiment, by the adjustment of two 2-way stop-cocks. If more 
than two cells are required, the first may be renewed and replaced 
in the apparatus while the second is in use, and the air flow again 
turned into it, on exhaustion of the second cell. 

Electrodes—-The electrodes, Fig. 2, are disks of platinum foil, 
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coated with a layer of platinum black. They are surrounded with a 
glass shield, since without it the agitation of the solution and result- 
ing variations in the height of the liquid would give a fluctuating 
resistance. With the shield, the resistance is steady regardless of 
the degree of agitation. Two holes, 3 mm. in diameter, at the 
top of the shield prevent trapping of air (a single small bubble 
held within the shield being enough to cause fluctuations in the 
resistance) and permit constant circulation of the solution through 
the shield. The electrode unit which seemed best suited to our 
needs and was commercially available? is designed with the 
platinum disks horizontal, one above the other. When this was 
used in our cell, the force of the stirring action of the bubbler 
caused the barium carbonate precipitate to adhere to the under- 
surfaces of the electrodes in a thick layer, which caused an increase 
in the measured resistance beyond the true resistance of the 
solution. A slower rate of bubbling kept the electrodes clear of 
precipitate but gave inadequate stirring. To remedy the difficulty 
the platinum disks have been set in a vertical position and, 
although they are no longer opposite one another, but are in the 
same vertical plane at different heights in the shield, their capacity 
to measure resistance has not been lessened, and throughout the 
experiment they remain clear of precipitate.* 

Carbon Dioride Recorder—A continuous record of cell resistance 
is automatically obtained with a Leeds and Northrup conductivity 
recorder. The instrument contains an alternating current 
Wheatstone bridge circuit which includes standard resistances 
against which the resistance of the experimental cell is auto- 
matically balanced every 2 seconds. ‘his operation is performed 
by a motor-driven mechanical relay which observes any unbalanc- 
ing of the bridge galvanometer and automatically rotates a resist- 
ance slide-wire until the galvanometer is restored to balance, 
The position of the balancing slide-wire is a direct measure of the 

* Leeds and Northrup, dip cell, No. 4917. 

3 Recently we have tipped the electrodes in the Leeds and Northrup 
unit by bending the wire between them and the glass support until as great 
an angle is obtained as possible without letting the electrodes touch the 
glass. The precipitate does not adhere to the electrodes in this position, 
and this cell is entirely satisfactory. 

* Leeds and Northrup No. 23112-S micromax two point double-range 
a.c. Wheatstone bridge recorder. 
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cell resistance and this is recorded on a horizontal 10 inch chart by a 
siphon pen which is integrally connected to the slide-wire. The 
motor which operates the balancing mechanism is of the syn- 
chronous type and it also drives the recorder chart, advancing it at 
the rate of 4 inches per hour. 

Our particular instrument is a two point recorder and was 
chosen since it can measure two entirely different resistances at 
the same time. ‘The second respiration unit which we have 
installed, duplicating the one here described, permits the carrying 
out of two simultaneous experiments. The instrument gives us 
two. independent records, the cell resistances being recorded alter- 
nately, giving successive readings for either cell at 2 minute 
intervals. If a single respiration apparatus is to be operated, a 
single point recorder? would be the more useful instrument. In 
this type of recorder, the pen does not leave the chart, but traces a 
continuous line and the resistance of the experimental cell is checked 
by rebalancing of slide-wire and pen every 2 seconds. ‘The double 
point recorder sacrifices continuity of record for the sake of 
measuring the resistance of two independent experimental cells 
alternately. 

For the purposes of our experiments, cells were selected with 
constants® of 0.800 + 0.050. In order to avoid the necessity of 


’ Leeds and Northrup No. 23111-S single point recorder. 

6° The resistance of any homogeneous conductor depends not only upon 
the inherent resistivity of the material, but also upon the mean length of 
the conducting path and upon its mean area. This generalization may be 
expressed by the equation, R = p(l/A), in which R denotes measured 
resistance, p denotes specific resistance, / the mean length of the conducting 
path, and A its mean area. Of the terms on the right of the equation, p 
depends upon the characteristics of the conductor, while 1 and A depend 
upon the design of the cell, the distance apart of the electrodes, their area, 
and the size of the containing vessel, or diameter of surrounding shield. 
Since these two values are fixed for a given cell, their ratio is known as the 
cell constant. The specific resistance (p) being a constant for a given con- 
ductor at a fixed temperature, it will be seen from the above equation that 
the measured resistance is proportional to the cell constant. Measurements 
made with two cells of different cell constants are not comparable until 
they have been reduced to a common cell constant. The value of 0.800 
has been chosen as the most advantageous cell constant for our measure- 
ments and all our resistance values are in terms of this constant. It is 
impossible to build a number of cells with cell constants of exactly 0.800, 
but the areas of the electrodes and their distance apart may be so adjusted 
as to give very nearly that value. 
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calculating every recorder reading, corresponding to the constant 
of the cell in use at the time, to the value it would have if a cell 
constant of exactly 0.800 were used, the recorder is equipped with 
a cell constant compensator for each resistance circuit. The 
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Fig. 2. Absorption cell and electrodes. 
Fig. 3. Oxygen-measuring unit. A, tube for maintaining constant water 
level; B, trap for collecting water; C, siphon connecting trap reservoir. 


compensator is a dial with divisions reading from 0.750 to 0.850. 
The adjustment of the dial to the value of the constant of the cell 
being used multiplies the resistance measured in the cell by such a 
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factor that the value recorded by the pen on the chart is the same 
as that which would have been recorded if no compensator were 
provided and the cell constant were exactly 0.800. In actual 
practise, it is more convenient to measure the concentration of a 
solution by titration against standard 0.1 N hydrochloric acid, and 
estimate its resistance from a curve relating resistance and con- 
centration of solutions of barium hydroxide than to determine the 
cell constant, as is usually done, by means of a potassium chloride 
solution of known specific resistance. When the cell is filled with a 
solution of barium hydroxide of known resistance determined as 
indicated above, our procedure is to adjust the cell constant com- 
pensator to give on the record chart the exact resistance value 
previously determined. ‘Thus the cell constant is determined 
experimentally each time a cell is put into use. Since the resistance 
of barium hydroxide solutions varies 1.7 per cent per degree change 
in temperature (3), the cell must be brought to the desired tem- 
perature before any adjustment of the compensator is made and 
must be kept at that temperature to give reliable results. 

Orygen Unit (4)—The respiration apparatus operates most 
successfully when the pressure of the gases in the circuit is greater 
than the barometric pressure by an amount only slightly beyond 
that needed to force the gas through the solution in the absorption 
cell. ‘This pressure is maintained by a constant head of water 
fixed by the position of an overflow tube (4) at the end of the side 
arm of the oxygen-measuring unit (Fig. 3). As the pressure 
within the system tends to be lowered due to withdrawal of oxygen 
by the animal and absorption of carbon dioxide by the cell, water 
from the side arm flows into the oxygen unit, thus maintaining the 
pressure by decreasing the gaseous volume of the system composed 
of air circuit, oxygen-measuring unit, and reservoir. ‘The water 
collects in a trap (3B) until its level rises to the height of a siphon 
(C) by means of which it flows into the reservoir beneath (G, 
Fig. 1). Within the trap, a ball of very light balsa wood, carrying a 
bridge of platinum wire, is set so that the platinum wires dip into 
mercury cups which extend to the outside. <A direct current flows 
through the mercury cups, platinum bridge, and an electromagnet 
equipped with a needle which traces a record on the kymograph 
chart. As the lifting of the ball breaks the contacts and the current 
ceases to flow through the coil around the magnet, the needle drops 
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and gives a mark on the smoked kymograph chart. A bumper 
(H, Fig. 1) is so placed above the ball that it cannot rise far enough 
to displace the wires from the cups containing the mercury. When 
the water has flowed over the siphon, the ball settles back to its 
initial position, the contacts through the mercury cups are remade, 
and the needle on the electromagnet is brought back to its former 
height, thus completing a siphon record on the kymograph paper. 
At the end of the experiment, all the water which has collected in 
the reservoir is weighed, its volume calculated, and the volume of 
oxygen at standard conditions per siphon calculated after the 
siphon records on the kymograph are counted. 

A point to be noted is that the oxygen is drawn into the closed 
circuit because the pressure of the air decreases, and the admission 
of water into the oxygen trap is a result of this and in no way a 
feeding of oxygen to the animal at an arbitrary rate. Pure 
oxygen fills the reservoir and measuring unit at the beginning of 
an experiment, having been introduced from a cylinder of com- 
pressed gas by displacement of water. Since the pressure in the 
oxygen unit is constantly greater by a slight amount than the 
pressure in the circuit, gas has no tendency to flow into the oxygen 
unit, but always from unit to system. ‘The water reaches the 
side tube ready to enter the oxygen unit from a water reservoir 
through which oxygen is bubbled throughout the experiment. 
Being saturated on entering the measuring unit, it dissolves no 
oxygen from that contained in the reservoir. Between the water 
reservoir and the oxygen unit, the water flows through a glass coil 
in the thermostat to insure its being at the desired temperature on 
entering the system. The outlet of the oxygen which has bubbled 
through the water reservoir is Just above the water head in the 
side arm of the oxygen unit as a final assurance of saturation of 
the water. 

Pump—The action of the pump (A, Fig.1) is to transfer at each 
revolution a small fixed volume of air from the entering tube to the 
exit tube. No appreciable compression of air occurs. A circular 
brass rotor, 63 mm. in diameter and 12.5 mm. thick, is set with an 
eccentricity of 5mm. in a circular brass casing of 47 mm. diameter. 
The circumference of the rotor is divided into three equal parts by 
steel vanes which are fitted with high precision into slots in the 
rotor. Two springs are set in the inner end of each vane and 
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these act in conjunction with the centrifugal force created by the 
rotation to keep the ovter ends of the vanes against the casing. 
Due to the eccentric position of the rotor, the vanes are forced 
partly out of the slots against the casing as they move from enter- 
ing tube toward exit tube and the air which expands from the 
entering tube into the space between rotor, casing, and two suc- 
cessive vanes is carried across with a positive action to the outgoing 
tube. On the return movement from exit tube toward entering 
tube, the rotor is nearly in contact with the casing and the vanes 
are forced back into the slots. This insures that most of the air 
which enters the pump is forced out from it into the exit tube 
rather than that any appreciable amount should be carried back, as 
would oecur with a smaller eccentricity and identical rotor and 
casing. The exit tube is placed as near as possible to the point 
where the rotor is nearest to the casing and the entering tube is 
close to it on the other side. The pump is lubricated with a light 
grade of cylinder oil. The position of the rotor is fixed by a brass 
bushing in the casing which supports the steel shaft. Beyond 
the bushing, the shaft is surrounded by a tapered packing box, 
closely filled with asbestos and graphite. The pump is quietly 
driven by a synchronous type induction motor at a speed of 470 
R.p.M. At this speed its theoretical capacity for ventilation is 2.8 
liters per minute.’ 

Temperature Control—The entire apparatus is operated in an 
environment automatically controlled to constant temperature, 
which is an important factor in obtaining accurate and consistent 
results. The temperature of the room is maintained constant by 
an “ether wafer’ thermostat control’ which operates directly in 
series with the electric heater without the need of arelay. Electric 
fans are used to keep the temperature uniform through the room. 
By these means, the temperature fluctuation does not exceed 


7 In introductory work, in which carbon dioxide was estimated by an 
acid-base titration, a small rotary blower of the type supplied with the No. 
2846 Benedict oxycalorimeter was used and found to be fairly satisfactory. 
However, it failed to develop the higher ventilation rate desired for present 
purposes and, on redesigning the apparatus, we found it necessary to re- 
place it by the pump now described. 

* Thermostat control supplied by A. R. Wood Manufacturing Company, 
172 Center Street, Santa Cruz, California. 
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+0.2°. The parts of the apparatus requiring greater constancy 
of temperature for successful operation, namely the animal 
chamber, absorption cell, and oxygen reservoir, are immersed in a 
water thermostat equipped with a mercury thermoregulator, 
relay, and motor-driven stirrer, which maintain the desired 
temperature with a variation not exceeding +0.01°. 

One unit, assembled for use, is illustrated in Fig. 4. The re- 
corders are not shown. 


lic. 4. Apparatus as assembled, exclusive of recorders 


Procedure 


Prior to the start of an experiment, the oxygen reservoir and 
measuring unit are filled with water. The balsa wood ball, being 
in position with the platinum wires within the mereury cups, is 
stopped from rising by the thermometer (//, Fig. 1) which acts as a 
bumper. The siphon from the lower tubulature of the oxygen 
reservoir (ig. 1) is opened and, at the same instant, oxygen 
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from a cylinder of compressed gas is allowed to enter at the lower 
end of the water overflow tube (A, Fig. 3) on the side arm of the 
unit. The upper end of the tube sealed to the side arm of the 
unit is tightly stoppered and the stop-cock on the tube (D, Fig. 1) 
leading to the circulating system is closed. The entering gas 
forces water out of the siphon until its level drops to that of the 
exit tube in the reservoir. A half hour is allowed for the tem- 
perature of the gas to come to that of the thermostat before water 
is allowed to flow from a reserve supply on a high shelf through the 
coil in the water bath and into the overflow tube on the side arm, 
thus making the oxygen reservoir and measuring unit a closed 
system. At this time, the barometer is read. For an hour before 
the start of the experiment and throughout its length, oxygen is 
bubbled through the reserve supply of water so that it will be 
saturated on entering the oxygen-measuring unit. 

During the hour before starting an experiment, each absorption 
cell is filled with a fresh solution of barium hydroxide, a sample 
of which is titrated and its resistance read from a concentration- 
resistance plot (1), constructed for a temperature of 28° and cell con- 
stant of 0.800. The recorder is started a few minutes before it is 
needed, to bring it to its operating temperature, the zero point of the 
galvanometer is checked, and the connections to the cell are made. 
When the cell resistance becomes constant, indicating that the cell 
solution has reached the constant temperature of the thermostat, 
the cell constant compensator is so adjusted that the scale resist- 
ance value is the same as was determined by titration. The 
compensator is now set on the constant of the cell in use and all the 
recorded values are for the standard cell constant of 0.800. 

The kymograph paper has been previously smoked and ad- 
justed. The direct current connections are made through the 
electromagnetic unit and the clock, the oxygen-measuring unit, 
and a tap key for each respiration apparatus, by which a mark 
may be made at any instant when a record is desirable. When 
the needles from these electromagnets and those of the two 
tambours are adjusted to the smoked paper and the kymograph 
started, the rat is weighed and put in its cage, the pump started, 
the cover clamped in position, and water at the temperature of 
the bath is run in to cover the animal chamber and the experiment 
is started. 
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The basal rate is recorded without further attention from the 
observer. Since the rat has been left in the cage with the pump 
running for several hours on the preceding day, it has grown 
accustomed to it and usually is entirely quiet for long periods. 
When an experimental substance is to be administered, neither the 
kymograph, recorder, nor pump is stopped. Water is siphoned 
from the bath until its level is below the cover of the chamber, 
the cover is removed, and the animal is taken from the cage just 
long enough for the administration of the material. 2 minutes or 
less elapse between the time of giving the dose (which is recorded 
by the tap key) and the resumption of the experiment, and the 
entire break in the course of the experiment is not over 4 minutes. 

At the end of the experiment, the kymograph record is coated 
with shellac and the water, which has collected in the oxygen 
reservoir, is siphoned to its initial level into a weighed flask and its 
weight determined. 

Calculation of Results—The calculation of the rate of absorption 
of carbon dioxide consists in reading two values of the resistance, 
limiting a known time interval as shown by the number of recorder 
marks separating the chosen limits. From the corresponding 
concentration values, the loss of barium hydroxide during the time 
interval is known. As shown above (p. 213), 7.696 gm. of barium 
hydroxide correspond to 1000 ec. of carbon dioxide at standard 
temperature and pressure. Hence the volume of gas absorbed in 
the time interval chosen, as well as the rate of carbon dioxide 
production per hour, may be calculated. 

The rate of oxygen consumption is calculated from a knowledge 
of the volume of each siphon and the time interval between them. 
The latter value is obtained by means of the time record made on 
the kymograph chart through the course of the experiment. An 
8 inch dial General Electric Telechron clock carries a platinum 
bridge on the end of the second-hand. This makes contact with 
two platinum springs at each revolution. Direct current wired 
through an electromagnet flows when the contact is made and 
gives a record on the kymograph chart. 

The volume of each siphon is measured by weighing the total 
amount of water collected in the oxygen reservoir at the end of an 
experiment. From a knowledge of the coefficient of expansion of 
water, the temperature of the oxygen, and the barometric pressure 


H. G. Lewis and J. M. Lueck 223 


at the time when the oxygen was shut off from the atmosphere, one 
may calculate the total volume of oxygen at standard temperature 
and pressure. With the number of siphons known, the volume 
per siphon is obtained.® 

Carbon Dioxide Checks—-To indicate that known amounts of 
carbon dioxide are quantitatively accounted for and to determine 
percentage error and lag in absorption, measured volumes of 
carbon dioxide of known purity and at known temperature and 
pressure were introduced into the system at a carefully controlled 
rate, equal to that at which a 200 gm. rat produces it. Readings 
were made at short intervals of the exact volume introduced and 
the resistance change produced in the absorption cell. After a 
series of such calibrations, it was determined that the volume of 
earbon dioxide in the animal chamber and tube leading to the 
absorption cell was practically constant under conditions similar 
to those existing during an experiment and this volume expressed 


_* To indicate more clearly the nature of the measurements and calcula- 
tions, the following data from a representative run are given: weight of rat, 
177 gm.; age, 44 months; surface area, 280 sq. cm.; fasted 147 hours; tem- 
perature 28.0°; barometric pressure, 760.8 mm.; vapor pressure H.O, 28.3 
mm.; partial pressure O., 732.5 mm.; weight of water siphoned over, 1225 
gm.; volume of H.O at 28°, 1229.6 cc.; volume of O» at s.1.P., 1074.9 ce.; 
number of siphons 91; volume per siphon, 11.8 ce. 


3 4 


Period No ...... ica | 1 2 
191.0 | 1909 186.5 | 176.9 
Resistance read, 54.6-58.0.55.4-61.2 
om................. 0.782 0.632 0.355 0.557 
139.4 132.9 140.8 132.4 
Non-protein per hr., ce.......) 164.1 164.0 | 159.6 150.0 
“ | 0.716! 0.679| 0.747} 0.738 
Total calories per hr................ 0.892 0.884 0 876 0.854 


Calories per day per sq. m........ | 764 757 — 750 732 
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at standard temperature and pressure was equal to 12.9 ce. + 5 
per cent. In these calibrations, when the introduction of carbon 
dioxide was discontinued and the resistance allowed to reach a 
constant value, the discrepancy between recorded and calculated 
resistance!’ was about 1 per cent when 100 ec. had been introduced 
and less for larger volumes of carbon dioxide. 

Fasting Metabolic Rate of the White Rat—From metabolism 
determinations" on eighteen male rats of about 220 gm. in weight, 
the average value obtained for the basal metabolic rate after a 36 
hour fast was 744 calories per day per sq. m. of body surface. 
The highest value obtained was 837 calories and the lowest was 
691 calories. The determinations were made during the months 
of September to January inclusive. The animals lived in a 
constant temperature room at 28° for some weeks preceding the 
measurements, which were all made at 28°. The surface area 
was calculated from the body weight by the Lee formula (S = 
12.54 W°®) in which surface, S, isexpressed in sq. cm. and weight, 
iW, in gm. (5). Our results agree well with those reported by 
Mitchell and Carman (6) as 767 calories, Wu and Chen (7) 750 
calories, Ashworth, Brody, and Hogan (8) 745 calories, and 
Benedict and MacLeod (9) 878 calories in winter and 720 calories 
in summer. Wesson (10), whose control of temperature both 
during the experiment and prior to it was similar to ours, reports 
un average value for the male rat of 718 calories per day per sq. m. 
of surface from the 14th to the 44th hour of fasting. The low 
value of 642 calories was reported by Greene and Luce (11). 

In all of our experiments we have found the activity records of 
great value. We have noted again and again an immediate and 
considerable increase in oxygen consumption and in carbon dioxide 
production during even short periods of vigorous activity which 
indicate a heat production 60 to 75 per cent greater than that of 
the quiet periods immediately preceding and following the 
interval of activity. As Benedict and MacLeod (12) point out, 


10 Note that the calculated values of resistance are determined from 
the electrical conductance, experimentally measured, of aqueous solutions 
of barium hydroxide (1). 

1! Publication of the protocols of the eighteen metabolism determina- 
tions is not feasible. The complete experimental data will be sent on 
request to anyone interested. 
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the relative effect of activity in increasing the metabolic rate 
becomes of greatest magnitude in experiments of this kind in which 
the periods are of short duration. In long period experiments the 
effects of momentary muscular activity are seemingly minimized. 
By using the periods when no activity is recorded for calculating 
the basal heat production, a lower value, nearer the true value, is 
obtained than by disregarding the activity, even when the meas- 
urements are made over long periods, as Benedict and MacLeod 
recommended. The type of record is characteristic of different 
sorts of movement as well as of their degree and duration. A 
single wide fluctuation of the needle indicates that the animal is 
turning in the cage, which type of movement is not associated with 
an appreciable increase in heat production even though a number 
of turnings are made at short intervals. However, a period of 
continuous needle fluctuations, usually indicating that the animal 
is washing itself, even though of short duration, gives a large per- 
centage increase in heat production. The increased rates of oxygen 
consumption and carbon dioxide production first appear at the 
same moment, not, however, simultaneously with the start of 
activity, but lagging behind it 2 to 25 minutes. The increased 
rates for both gases persist at the high level for 4 to 5 minutes after 
the animal has become quiet. The heat production when cal- 
culated for the periods showing no activity whatever is con- 
siderably lower than the one obtained when the activity even of a 
reasonably quiet animal is ignored. 

The value of the activity record, other than in obtaining the 
basal rate during quiet periods, has been in estimating the authen- 
ticity of increased gaseous exchange after the administration of 
experimental substances. With the tambour record, no individ- 
ual’s observation and judgment are needed to determine the 
exact time and extent of periods of activity. If the record shows 
that the animal was quiet during a given time interval, any increase 
in gaseous exchange must have been due to the substance ad- 
ministered. In the case of a small dose, the increased heat pro- 
duction may be of short duration and the effect of activity during 
that time would be proportionately greater. Ignoring it would 
lead to more serious errors in instances of small doses than of 
large. We believe, however, that in all experiments, results 
interpreted with the aid of the activity record are more dependable 
and of greater value than those obtained without it. 
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SUMMARY 


1. A closed circuit type of apparatus is described which permits 
automatic measurement of the respiratory metabolism of small 
animals. The rate of oxygen consumption is measured electrically 
by the rate at which water must be admitted to maintain a 
constant pressure in the system. The rate of carbon dioxide 
production is determined electrically by the change in conductiv- 
ity, automatically recorded, of an absorbing solution of barium 
hydroxide. 

2. The basal metabolic rate of male rats, fasted 36 hours, of 
body weight 220 gm., and at an environmental temperature of 
28°, averaged 744 calories per day per sq. m. of body surface. 


The animal chambers, tambours and mountings, multiple 
magnets, and other mechanical parts were constructed by Mr. 
Joseph Grebmeier to whom we are also indebted for the design 
and construction of the pumps. 

Our grateful acknowledgment is due Mr. N. Cohn of the Leeds 
and Northrup Company for his assistance in developing the con- 
ductivity method for determining carbon dioxide. 
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THE CALORIGENIC ACTION OF GLYCINE* 
By HELEN GENEVA LEWIS ann JAMES MURRAY LUCK 
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The purpose of this communication is to report a series of ob- 
servations pertaining to the relationship which exists between the 
quantity of an amino acid administered and the magnitude of the 
calorigenic response, together with some related findings on the 
relative effects of different modes of administration. ‘The work 
was confined to glycine, with the expectation that a complete 
study of the calorigenic behavior of this amino acid would serve to 
establish the background and optimum experimental conditions 
for a comparative study of other amino acids. 

Although others have given attention to the questions which we 
now propose to discuss, the observations recorded in the literature 
disagree so profoundly that satisfactory conclusions and interpreta- 
tions cannot be drawn. We suspect that one source of error con- 
tributing to this uncertainty is the frequent practice of selecting 
arbitrarily a 4 or 5 hour portion of the postinjection period for 
measurement instead of the entire time during which the metabo- 
lism is elevated. Such measurements have seldom included the 
Ist postinjection hour and, in general, the experiments terminated 
before the metabolism fell to the preinjection level. 

To evaluate satisfactorily the results already on record, con- 
sideration has to be given not only to the durations of the periods 
during which measurements were made, but also to the size of the 
animal, the amount of substance administered, and the number of 
observations. As we shall have occasion later in the paper to 
discuss these points in greater detail, it will be sufficient by way of 
introduction simply to summarize the nature of the evidence 
now extant. 

The calorigenic response to glycine, subcutaneously adminis- 


* This investigation was supported in part by the Rockefeller Fluid Re- 
search Fund of the School of Medicine of Stanford University. 
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tered, has been reported for only three animals. In the two stud- 
ied by Lundsgaard (1) the increase in metabolism was equal to 
that resulting from orally administered glycine (0.6 gm. of amino 
acid per kilo of body weight). In the single experiment of Weiss 
and Rapport (2) the extra output of heat was 30 per cent less (0.87 
gm. of glycine per kilo) than that following orally administered 
glycine. 

There is a corresponding paucity of observations on the relative 
effects of intravenously and orally administered glycine. Subject 
to certain reservations, the results indicate, however, that the 
calorigenic response is equal in both cases (3, 4).} 

Lusk’s experiments (6) on Dog III, in which on two occasions 
10 gm. of glycine (0.8 gm. per kilo) were orally administered and 
on two others 20 gm. (1.6 gm. per kilo) were given, are the only 
ones which justify the belief that the increase in metabolism (calo- 
ries) is directly proportional to the amount of glycine given. His 
measurements extended from the 2nd to the 7th postinjection 
hours. During a shorter postinjection period but under other- 
wise similar conditions Weiss and Rapport (2) found that 10 gm. 
of glycine increased metabolism by 14.1 calories, while 20 gm. 
gave an increase of 20.4. Lundsgaard (1), likewise, found that 
the larger dose of glycine gave much less than double the increase 
in metabolism induced by half the dose. 

Until the quantitative relationships existing between the heat 
output and the amount of amino acid administered as well as the 
rate of the calorigenic response and its dependence, if there is any, 
on the path of administration are clearly determined, it is doubt- 
ful whether the mechanism of specific dynamic action can be 
profitably discussed. 

In the experiments now to be reported a wide range of dosage 
was studied, 0.9 to 13.5 mm (0.3 to 5.0 gm. per kilo of body weight.), 
and the increased metabolism was measured for the entire period; 
1.e., from the time of administering the glycine until the metabo- 
lism fell to the preinjection level. The effects of oral and subcu- 
taneous administration were compared throughout. 


1 Liebeschiitz-Plaut and Schadow (5) report that intravenously adminis- 
tered glycine does not increase metabolism. It is difficult to attach sig- 
nificance to this result in view of the fact that the preinjection level of 
metabolism was already surprisingly high. 
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EXPERIMENTAL 


Male rats were used as the subjects for experiment. With the 
exception of three large animals (279, 293, 335 gm.) all of them 
approximated 200 gm. in weight (192 to 237 gm.) at the time of 
injection. They were maintained at 28° for several weeks prior 
to use and were fasted for 36 hours immediately before being 
placed in the metabolism apparatus. 

The technique described in the preceding paper (7) was used. 
After satisfactory basal values were obtained (2 to 3 hours) the 
apparatus was opened and the injection made. The appropriate 
quantity of glycine dissolved in 5 ce. of 0.9 per cent sodium chlo- 
ride was administered either subcutaneously or orally. Imme- 
diately afterwards the animal was returned to the metabolism 
apparatus and the determination was resumed. The experiment 
was continued until the metabolic rate fell to the basal level. 

Seventeen experiments were run. In nine cases the amino 
acid was administered orally; in the others the subcutaneous route 
was employed. According to the method described in the preced- 
ing paper the total excess metabolism in calories was calculated 
for each experiment. In Fig. 1, A we have plotted all the results 
in such a way as to show not only the total excess metabolism for 
the various dosages of glycine administered but also the effect per 
mM. 

We are inclined to conclude that the calorigenic action of gly- 
cine is independent of the mode of administration (oral or sub- 
cutaneous) for small dosages only. Above 1.6 mm (0.6 gm. per 
kilo) the effeet of subcutaneously administered glycine is definitely 
much Jess than that of the orally administered. The findings of 
Lundsgaard (1) and Weiss and Rapport (2) can be understood in 
the light of these results. The former administered glycine in 
small amounts (0.6 gm. per kilo), and observed that the calorigenic 
response by either route, oral or subcutaneous, was the same. 
Weiss and Rapport used a higher dosage (0.87 gm. per kilo) and 
observed that the effect of the subcutaneously administered gly- 
cine was definitely less. Both of these results are confirmed by 
the work reported in the present paper. At a level of 6 mu 
(2.2 gm. per kilo) and above, glycine subcutaneously adminis- 
tered fails to give any response. 

In such doses, in fact, glycine is clearly toxic. ‘Three rats which 
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Fic. 1, A anv B. Colorigenic action of glycine. The clear circles denote 
oral administration; the solid circles subcutaneous administration. 


received the amino acid at a level of 11.4 mm (4.2 gm. per kilo) 
died within 3 days; of sixteen which received it at a level of 5.7 
mM (2.1 gm. per kilo) at least five died on the 3rd or 4th day. 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


H. G. Lewis and J. M. Luck | 231 


Others displayed symptoms of toxicity but recovered. The only 
immediate symptoms observed during the first few postinjection 
hours were curious convulsive contractions at frequent intervals, 
characterized by involuntary jumping movements. When such 
symptoms were observed, the animal was discarded. The seven 
high dosage values actually plotted were obtained from animals 
which during the first few postinjection hours failed to show these 
symptoms. On the day following high dosages of glycine, edema 
sometimes developed, blood appeared in the nose, the convulsive 
spasms disappeared, but death followed within a few days. Some 
of the animals recovered even after the appearance of edema, while 
a few showed no ill effects at any time. In general, the toxicity 
of the glycine was more pronounced when given subcutaneously. 

Not only did large doses of glycine, subcutaneously adminis- 
tered, fail to increase the metabolic rate, but very commonly 
caused a definite, and sometimes marked, decrease below the basal 
level. In two cases (6.0 mM injected) the metabolic rate fell from 
preinjection levels of 770 and 765 to 654 and 420 respectively. 
The decrease was continuous and set in within 1 hour after in- 
jection. Ina third case 6.0 mm were administered orally and the 
expected increase was observed. After the metabolic rate sub- 
sided to the normal level (3 to 4 hours), a second dose of 6.0 mm 
was given subcutaneously. Within 30 minutes the metabolic 
rate began to fall and within 90 minutes decreased 15 per cent 
below the basal level. 

We were interested to observe that the increase in metabolism 
induced by moderate doses of glycine is apparent very soon after 
administration and, though sometimes quite intense, is of short 
duration. In Fig. 1, B we have plotted the results from several 
experiments to illustrate the point. As previously explained, it 
is the increases in metabolism, calculated from such curves, that 
we have plotted in Fig. 1, A.2 The results clearly demonstrate 


2 In plotting these results it seemed advisable to present the data with- 
out reference to body weight or surface area (Fig. 1, B excepted). Ex- 
amination of preliminary graphs in which eztra calories were plotted against 
mM of glycine per kilo of body weight convinced us that the absolute dose of 
glycine is more significant. In this respect we agree with Chambers and 
Lusk (8) who showed that the size of the animal is not a factor in determin- 
ing the amount of heat evolved after administering a given dose of glycine. 
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the need of studying the metabolic changes from the very moment 
of injection or within a few minutes thereof. This is especially 
necessary when small animals, such as rats, are used. 

In general, we are led to the conclusion that no simple relation- 
ship exists between the quantity of glycine given and the increase 
in metabolism induced thereby. Any theory which seeks to ex- 
plain the specific dynamic action of glycine (or other amino acid) 
by postulating that the increased calorie production is a fixed and 
definite quantity per mM of glycine, must be of doubtful validity. 
It is clear that various factors are involved (mode of administra- 
tion, quantity given, secondary effects due to toxicity, nutritional 
state) which do not permit such a simple hypothesis. 

To explain the remarkable effect of mode of administration on 
the calorigenic response is difficult without much additional in- 
formation. From observations made in this laboratory on the 
urinary amino nitrogen changes after giving large doses of glycine 
to dogs, we do not believe that the absence of any calorigenic re- 
sponse with the larger subcutaneous doses can be explained by 
excretion of much unmetabolized glycine. It is possible, of course, 
that rats respond somewhat differently than dogs to administered 
glycine, but until we have completed observations on the actual 
rate of excretion by rats we can neither accept nor reject such an 
explanation. 

In this laboratory information on the nitrogen metabolism of 
rats is steadily being accumulated in the hope that it may prove of 
value in explaining the respiratory data which we are now col- 
lecting. It is not feasible, at the present time, to attempt a cor- 
relation of the studies. 


We are also inclined to share the opinion of Brody, Comfort, and Matthews 
(9) who question the value of expressing metabolic data in terms of surface 
area. In accordance with the reasons advanced by Brody et al. we prefer 
to give simply the absolute increases actually measured. We recognize, 
of course, that it is more concrete to express heat production in terms of 
surface area than in terms of some power of the body weight (e.g. W°*) and 
that it is convenient for purposes of comparison with the data of others. 
For the latter reason we have adhered to the more customary method of 
presentation in Fig. 1, B. 
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SUMMARY 


1. Glycine was administered to fasting rats in quantities of 0.9 
to 13.5 mM (0.3 to 5.0 gm. per kilo of body weight). 

2. In low concentrations the increase in metabolism induced by 
subeutaneously administered glycine is equal to that induced by 
orally administered glycine. 

3. In higher concentrations, the calorigenic response following 
subcutaneous administration is considerably less. At 2 gm. per 
kilo and above, glycine, subcutaneously administered, exerts no 
ealorigenic action. 

4. Glycine is markedly toxic to rats in concentrations of 2 gm. 
per kilo and above. 

5. The inerease in metabolism induced by orally administered 
glycine is directly proportional to the quantity of amino acid 
given, for amounts not exceeding 1.5 mm (0.55 gm. per kilo). 

6. The increases in metabolism observed in fasting rats under 
the influence of moderate doses of glycine are quickly produced, 
and are of short duration. 


The complete protocols of these experiments will be sent on re- 
quest to anyone interested. 
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The significance of the non-protein nitrogen constituents in 
the physiology and abnormalities of milk secretion as well as in the 
nourishment of the baby has received comparatively little atten- 
tion (1, 2). There has been recent evidence which indicates that 
dietary and other factors influencing milk secretion may be 
reflected specifically in the non-protein nitrogen components 
rather than in the gross composition (3), and that these constit- 
uents may serve as an index of abnormalities in the secretion of 
milk or of pathological conditions in the mammary gland itself (4). 
A correlation of high non-protein nitrogen in human milk and the 
occurrence of eczema in nursing infants has been noted (2, 5). 

Before progress can be made in the study of the relation of the 
nitrogenous constituents to the physiology and abnormalities of 
milk secretion and to infant nutrition, a critique of the procedures 
for preparing protein-free filtrates of breast milk and for the deter- 
mination of non-protein constituents is necessary. 

For a study of the non-protein nitrogen of breast milk it seemed 
desirable to use tungstie acid for removing proteins (6) so that the 
standard analytical procedures can be followed. No comprehen- 
sive study has been made, however, of the technicalities involved 
in the applicability of the sodium tungstate-sulfuric acid precipita- 
tion procedure to milk. It has been previously emphasized that, 
owing to the relatively large amounts of lactose and fat and to the 
difference in the amount and chemical properties of the protein 
of human milk compared with those of blood, precipitation 
methods specific for human milk should be developed (7). 
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Since most of the methods for determining the various non- 
protein nitrogen constituents have been developed with tungstie 
acid filtrates, this procedure for the removal of protein has been 
literally accepted in most cases in studying biologieal fluids other 
than blood. ‘The amount of sodium tungstate and sulfurie acid 
used by Folin (6, 8) for the remnoval of protein from blood was 
carefully adapted to the amount and kind of protein present 
in the blood so that the filtrates would be free from protein and yet 
contain all the non-protein nitrogen and also be comparatively 
free of an excess of tungstic acid and yet have «a suitable acidity 
(pH range of Congo red)! (8). 

In this laboratory, investigations have been made upon methods 
for the preparation of protein-free filtrates of breast milk with 
which standard procedures of blood analysis and gasometrie deter- 
minations can be used. Icfforts were made to secure filtrates which 
would fulfil the above specifications, the effectiveness of the pro- 
cedure being determined by pH measurements, protein color tests, 
and determination of the various non-protein nitrogenous constit- 
uents in the filtrates. 


Procedure 


Series of filtrates of human milk from which the proteins were 
precipitated by varying amounts of 10 per cent sodium tungstate 
and 0.666 N sulfurie acid were studied. The milk sample was 
measured into a volumetric flask, so that the final dilution would 
be 1:10, the flask was half filled with water, the designated 
amounts of sodium tungstate and sulfuric acid were then added, 
and the mixture was diluted to volume. After standing for half an 
hour, it was filtered through a dry, quantitative filter paper. The 
following analyses were made on the filtrates. 

pH! determinations were made by means of the saturated calomel 
and quinhydrone electrode and type K potentiometer. 

Total non-protein nitrogen determinations were made on 10 ce. 
aliquots of the filtrate by the micro-Kjeldahl manometric method 
of Van Slyke (9). 

Urea nitrogen was determined on 5 ce. aliquots of the filtrate by 
gasometric measurement of the carbon dioxide formed by the action 


1 The kindly suggestions of Dr. F. C. Koch of the University of Chicago 
are gratefully acknowledged. 
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of urease (10), and also by Van Slyke’s gasometric method for 
determination of urea by the hypobromite reaction (11). 

Amino acid nitrogen was determined by the procedure of Folin’s 
colorimetric method (12) for amino acids of blood, and by Van 
Slyke’s gasometric procedure for the determination of amino 
nitrogen by measurement of the nitrogen evolved in the reaction 
with nitrous acid (13). 

Uric acid nitrogen was determined by Benedict’s direct colori- 
metric method with 5 ce. aliquots of the filtrates (14). 

Preformed creatinine was determined by the colorimetric method 
of Folin and Wu (15). 

Total creatinine was determined by the procedure of Folin and 
Wu for the colorimetric determination of total creatinine in 
blood (15). 

The filtrates were tested for unprecipitated protein by the 
xunthoproteic, Millon’s reagent, and the biuret protein color tests. 
‘The presence of excess tungstic acid remaining in the filtrate was 
evidenced by the formation of cloudiness, turbidity, or heavy yellow 
precipitates of tungstic acid on treatment of the filtrates with 
concentrated sulfuric acid in the micro-Kjeldahl digestion. Con- 
siderable bumping and spattering of the mixture during the diges- 
tion gave additional evidence of the presence of excessive amounts 
of tungstie acid. 


EXPERIMENTAL 


When the exact procedure for the precipitation of protein from 
blood was followed in breast milk analysis, 7.e. equal volumes of 
milk, 10 per cent sodium tungstate, and 0.666 N sulfuric acid, the 
filtrates were clear and free of protein. A heavy yellow precipitate 
of tungstic acid was formed, however, on the addition of con- 
centrated sulfuric acid which greatly retarded the micro-IXjeldahl 
digestion and because of its bumping and spattering vitiated the 
accuracy of the determination. These filtrates were more acid 
than has been recommended, having pH values in the range of 2.2 
to 2.3. It was evident that more acid and sodium tungstate had 
been added than was necessary to precipitate the protein from the 
milk completely. The amount of sodium tungstate was decreased 
through 0.8, 0.6, 0.4, 0.3, and as low as 0.2 and 0.1 ee. per ce. of 
milk before the filtrates were free of excess tungstic acid (Table I). 
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However, when both the sodium tungstate and sulfuric acid were 
decreased to 0.2 or 0.1 ec. per ec. of milk there was an incomplete 
precipitation of the proteins, as indicated by cloudy filtrates, 
increased filtrate nitrogen, and positive protein color tests. The 
pH values of these filtrates were above 3.0. Values for the non- 
protein nitrogen were lowest and most constant with a pH range of 
2.5 to 2.8. A pH of 2.8 could be secured with 0.4 cc. of 10 per 
cent sodium tungstate and 0.4 cc. of 0.666 N sulfuric acid per 1.0 ce. 
of milk, yet excess tungstic acid remained in the filtrate. By 
decreasing the amount of sodium tungstate to 0.1 ec. and increas- 
ing the acid to 0.2 ec. per 1 ec. of milk, a pH range of 2.5 to 2.8 was 
secured, where precipitation of protein seemed to be at a maximum 
and filtrates practically free of excess tungstic acid. These results 
agree with the observations of others (16-19) who found that the 
maximum precipitation of protein by tungstie acid occurs on the 
acid side of the isoelectric point; hence a certain degree of acidity 
specific to the proteins of the biological material in question is 
necessary. It is of interest to note, in connection with the re- 
quirement of but one-tenth the amount of sodium tungstate for 
human milk as used for the precipitation of blood proteins, that 
human milk contains about one-tenth as much protein as blood. 

Folin observed that blood uric acid and creatinine were more or 
less precipitated from filtrates of excessively high acidity (8). It 
is shown in Table I that the uric acid values obtained by this pro- 
cedure remained constant in the filtrates over the wide range of 
varying quantities of sodium tungstate, sulfuric acid, and result- 
ing acidity, with no apparent loss with a pH of 2.0. Likewise, 
the values for preformed creatinine and total creatinine remained 
fairly constant. One difficulty was encountered, however, with 
the procedure for total creatinine because of the formation of a 
brown color during autoclaving which is due to the caramelization 
of lactose. For precise determination of these two constituents a 
separate lactose-free filtrate should be prepared as suggested by 
Denis and Minot (7). 

Other methods of removing protein were investigated. It was 
found that filtrates prepared by the method of Denis and Minot 
(7), involving the removal of protein and fat with copper sulfate 
and lactose with cupric hydroxide, could not be used in the gaso- 
metric determinations of non-protein nitrogen, urea, or amino 
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acids. Likewise, trichloroacetic acid interfered with the gaso- 
metric procedure for urea and amino acids but since it is destroyed 
by heating, non-protein nitrogen determinations by micro-Kjeldah| 
digestion and gasometric determination of nitrogen were satis- 
factory. It was furthermore shown in a study of standard solu- 
tions mixed with different quantities of sodium tungstate that 
tungstic acid does not interfere with any of the determinations. 

Considerable discrepancy was found between the non-protein 
nitrogen in the filtrates prepared by the revised sodium tungstate- 


TABLE II 
Comparison of Non-Protein Nitrogen of Human Milk Precipitated with 
Tungstic Acid and Trichloroacetic Acid (Mg. per 100 Ce. of Milk) 


_ Method of precipitation 
Milk Sample cia Difference, peptone N 
10 28.8 
11 43.3 64.2 20.9 
12 45.0 52.9 7.9 
13 41.7 51.5 9.8 
14 40.6 51.9 11.2 
Colostrum 54.0 59.2 §.2 
61.0 64.0 3.0 
Mature 36.1 39.4 ‘3.2 
15 | 49.2 53.2 4.0 
16 | 47.8 54.5 | 6.7 
17 | 46.0 | 49.3 | 3.3 
18 | 47.6 | 54.4 6.8 
19 | 52.0 | 57.1 5.] 


| 


sulfuric acid procedure and by precipitation of protein with tri- 
chloroacetic acid. In all cases the nitrogen in the trichloroacetic 
acid filtrates was higher, as shown in Table II. There has been 
conflicting evidence regarding the hydrolysis of blood proteins by 
trichloroacetic acid. Some observers have reported that this acid 
does not split off nitrogen from blood proteins even when present 
in concentrations as high as 16 per cent (20, 21). On the other 
hand, discrepancy in the non-protein nitrogen of serum from which 
the protein has been removed by ultrafiltration and precipitation 
with trichloroacetic acid has been attributed to hydrolysis of the 
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protein by the acid (22). A considerable error in nitrogen and 
phosphorus determination of trichloroacetic acid filtrates caused 
by the hydrolysis of phospholipids to glycerophosphoric acid and a 
soluble nitrogen-containing moiety has also been suggested (23). 
In order to determine whether the degree of acidity of the precip- 
itants used in these studies was sufficient to cause hydrolysis of 
either protein or lipids of breast milk, samples were allowed to 
remain in contact with the precipitant for varying intervals of time 
before filtering. When the milk remained in contact with a 
sodium tungstate and sulfuric acid mixture at a pH of 2.04 as long 
as 24 hours before filtering, no hydrolysis of protein or lipid ap- 
peared to occur, as shown by the agreement of filtrate nitrogen 
with filtrates which had been prepared immediately. No meas- 
ureable hydrolysis occurred in the lipids or protein of milk which 
had likewise remained in contact with as much as 5 per cent tri- 
chloroacetic acid for 24 hours before filtering. 

In a detailed study of non-protein nitrogen, amino acid nitrogen, 
and peptide-bound nitrogen of filtrates of protein and peptone 
solutions prepared with seven different precipitants, Hiller and 
Van Slyke (21) found that tungstie and picrie acids were dis- 
tinguished by the relative completeness with which they precipitate 
protein intermediate products, whereas trichloroacetic acid, par- 
ticularly in concentrations more dilute than 5 per cent, permitted 
nearly all of these products to remain in the filtrate. It was 
concluded that blood contained no appreciable amounts of inter- 
mediate protein products, since tungstic acid and _trichloro- 
acetic acid gave the same amount of filtrate and peptide nitrogen. 
There are indications, however, that blood in certain pathological 
conditions does contain nitrogen in this form (24). The nitrogen 
in the trichloroacetic acid filtrates of peptone solutions increased 
as the concentration of the acid decreased and differed from that 
in the tungstic acid filtrates. In fact, methods have been de- 
veloped and frequently employed for the determination of poly- 
peptide and peptone nitrogen by the difference in the nitrogen of 
filtrates prepared with tungstic acid and 2.5 per cent trichloro- 
acetic acid (18, 25-28). 

The data secured with human milk which show considerable dis- 
crepancy between the nitrogen in the tungstic acid and trichloro- 
acetic acid filtrate and an increase of nitrogen with lower con- 
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centrations of trichloroacetic acid suggest the existence of nitrogen 
in the form of polypeptides and peptone. Kennedy (29) concluded 
from observations of the 4-fold increase of amino acid nitrogen in 
the supposedly protein-free filtrates of cow’s milk after hydrolysis 
with hydrochloric acid that there were present either unprecipitated 
proteins, peptides of considerable size, or conjugated amino acids. 
It was not known whether these nitrogenous substances were pres- 
ent natively, or were formed by the operation of a proteolytic 
enzyme, or by the action of the reagents on casein. Likewise, 
Osborne and Wakeman (30) found that there remained in cow’s 


TABLE III 
Influence of Standing upon Nitrogenous Constituents of Normal Breast Milk 
(Mg. per 100 Ce. of Milk) 


Non-protein | Free amino 


# 5 Bound amino 
I acid Nt acid Nt 

> = = 
Ars 

0 60.4 61.8 | 36.1 39.4 3.3 10.1 U 4.4, 14.9) 15.8 
24 58.5 2.4 | 35.8) 45.5!) 9.7 7.6 6.9 | 4.5 | 5.4 | 15.7| 20.2 
48 36.8) 53.3, 16.5 | O 9.3 | 4.2 | 7.0 | 20.2) 21.9 
72 63.9 | 49.2 | 42.1) 62.0 19.9 0) 10.5 | 5.4 | 7.3 | 20.4} 27.4 


* Protein precipitated with 0.1 cc. of 10 per cent sodium tungstate and 
0.1 ec. of 0.666 N H.SO, per 1.0 ce. of milk. 

t Protein precipitated with 2.5 per cent trichloroacetic acid. 

t Trichloroacetic acid primarily destroyed by heating. 


milk after removal of casein, albumin, and globulin 0.2 gm. of 
nitrogen per liter resembling proteose nitrogen. From_ the 
difference in tannic acid and phosphotungstie acid filtrates of 
human milk, Courtney and Brown (2) have shown the presence of 
0.5 to 6.3 per cent nitrogen in the form of conjugated amino acids 
such as cystine, lysine, arginine, and histidine. They suggested 
that it was probably derived from albumin or globulin through the 
action of the reagents. 

The studies described herein indicate that intermediate proteolytic 
products do not originate from hydrolysis through the action of the 
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reagents. It is significant, however, to find out whether they are 
inherent constituents of breast milk or whether they are gradually 
formed through proteolytic action of native enzymes resident in 
milk. For this purpose a study was conducted in which tungstic 
acid and trichloroacetic acid filtrates of human milk were prepared 
immediately after its removal from the breast and at successive 
intervals thereafter. The data recorded in Table III present the 
total non-protein nitrogen, urea nitrogen, amino acid nitrogen 
before and after hydrolysis, and ammonia nitrogen of the filtrates. 
There was but slight difference between the tungstic and trichloro- 
acetic acid filtrates of the milk precipitated immediately after it 
was removed from the breast. As the milk had stood at room 
temperature before precipitation, the discrepancy between the two 
filtrates increased, indicating the operation of a proteolytic en- 
zyme. After it had stood 72 hours before the precipitants were 
added, even the nitrogen in the tungstate filtrate had increased, 
indicating « more complete breakdown of polypeptides into simpler 
products not precipitated by tungstie acid. Determination of 
casein and the combined albumin and globulin nitrogen? at these 
intervals demonstrated that the nitrogen products were being 
derived from the combined albumin and globulin fraction. These 
observations agree with the suggestion of others that human milk 
possesses proteolytic enzymes capable of causing autolysis after 
removal from the gland (32, 33). The presence of an enzyme 
capable of converting urea to ammonia is demonstrated, for within 
48 hours all of the urea had disappeared with a concomitant re- 
placement by ammonia. ‘Thus the existence of a slight amount of 
peptone N (3 to 5 mg. per 100 ce.) in human milk as it is first 
removed from the mammary gland and increasing amounts formed 
by enzyme action as it stands is demonstrated. An increase of 
amino acid nitrogen in both the tungstie acid and the trichloro- 
acetic acid filtrates after hydrolysis demonstrates the presence of 
considerable simple peptides or conjugated amino acids in milk 


2The proposed modified method of Moir (31) for the precipitation of 
casein at the isoelectric point of pH 4.6 by adjustment with 1.67 N acetic 
acid and 0.25 N sodium acetate and the combined precipitation of albu- 
min and globulin from the casein filtrate with 4 per cent trichloroacetic 
acid and heat was especially adapted to human milk. The nitrogen con- 
tent of the precipitates was determined by the Kjeldahl method. 
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even when it is first removed from the breast. This confirms the 
findings of other investigators (2, 34). 

An abnormal milk which consistently developed a characteristic 
offensive odor when it was allowed to stand in the infant formula 
room was brought to our attention for study. Bacterial examina- 
tion showed the presence of Bacillus coli, and preliminary chemical 
analysis demonstrated the occurrence of very high non-protein ni- 
trogen values. <A similar study was carried out in which filtrates 
were prepared immediately as the milk was manually expressed 
from the breast and at intervals thereafter. After it had stood at 


TABLE IV 
Influence of Standing upon Nitrogenous Constituents of Abnormal Breast 


Milk (Mg. per 100 Ce. of Milk) 


Ars. | 

QO | 44.6 | 49.7; 16.1 15.4) 10.0 | 19.7 

24 47.2 48.2 62.6 16.7 16.0, 17.5 10.2 10.3 12.0) 21.6) 10.6) 22.1 
72 | 97.7, 97.2109.9, 30.1) 28.8) 29.3, 35.3 34.1) 36.9, 25.7) 25.8) 36.2 


*0.1 cc. of 10 per cent sodium tungstate and 0.2 ec. of sulfuric acid per 
cc. of milk. 

+ 1.0 cc. of 10 per cent sodium tungstate and 1.0 ce. of sulfuric acid per 
ec. of milk. 

t Trichloroacetic acid primarily destroyed by heating. 


room temperature for 24 hours the non-protein nitrogen had 
increased in both the tungstic acid and trichloroacetic acid filtrates 
and after a 72 hour interval of standing it had more than doubled 
in both. Likewise, the free amino acids, bound amino acids, and 
combined urea and ammonia were increased, thus indicating an 
accelerated breakdown of milk protein even to the complete stage 
of free ammonia and amino acid formation (Table IV). 

These findings on this abnormal sample of human milk with its 
high non-protein nitrogen and accelerated proteolysis upon stand- 
ing agree with those upon abnormal secretion of milk of cows in 
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which high and variable non-protein nitrogen has been observed 
(35-37). Non-protein nitrogen of milk from udders infected with 
various streptococci and in sterilized milk samples infected with 
pure cultures of various bacilli have been observed to be aug- 
mented from 48 to 270 per cent (4, 38, 39). 

In view of the presence of polypeptide nitrogen in human milk 
as it is expressed from the mamme and its increase as milk is 
allowed to stand, the necessity not only of precipitating the fresh 
milk immediately but also of employing specific methods of 
precipitation for non-protein nitrogen determinations becomes 
significant. ‘Thus the sensitivity of peptone to relative con- 
centrations of peptone and precipitating reagents such as the 
solvent action of excess amounts of tungstic acid upon peptone 
(18) and the relative degree with which different concentrations of 
trichloroacetic acid permit peptone to remain in solution (21) 
present problems of milk analysis which are not encountered in 
blood analysis under normal physiological conditions. These 
very differences obtained in methods of precipitation, however, 
present opportunities for a more comprehensive study of the 
nitrogen constituents of breast milk which have been little in- 
vestigated heretofore, and which promise to be of definite sig- 
nificance in the physiology and abnormalities of milk secretion.’ 


SUMMARY 


1. The methods for preparing protein-free filtrates of breast 
milk with particular reference to the adaptability of the sodium 
tungstate-sulfurie acid precipitation procedure have been studied. 

2. A modified method is presented involving the use of 0.1 cc. of 
10 per cent sodium tungstate and 0.2 cc. of 0.666 N sulfuric acid 
per 1 cc. of breast milk for complete precipitation of proteins and 
preparation of filtrates adaptable to the standard procedures of 
blood analysis and gasometric determinations for non-protein 
nitrogen constituents. 

3. A comparative study of tungstic acid and trichloroacetic acid 
as protein precipitants demonstrated the presence of polypeptides 
in fresh breast milk. The gradual increase of polypeptide nitrogen 
in the milk after its removal from the breasts demonstrated the 
occurrence of proteolysis. 


3 Further studies are in progress. 
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4. The increase of amino acid nitrogen after the hydrolysis of the 


protein-free filtrates with hydrochloric acid showed the presence 
of simple peptides or conjugated amino acids in fresh breast milk. 


5. The existence of a proteolytic enzyme and an enzyme capable 


of converting urea to ammonia has been demonstrated in breast 
milk. 


CO 
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HEMATOPORPHYRIN, AN ARTIFICIAL PROTEOLYTIC 
ENZYME* 


By M. J. BOYD 


(From the Laboratory of Biochemistry, University of Cincinnati, Cincinnatr) 
(Received for publication, August 9, 1933) 


Howell (1) made the observation that hematoporphyrin and 
light were capable of changing the blood protein, fibrinogen, into 
a more soluble form of protein. It was suggested by Professor A. 
P. Mathews that the digestive or hydrolytic action of hematopor- 
phyrin on fibrinogen in the presence of light was an enzymatic 
reaction. If this were true, the study of the mechanism of this 
reaction might throw light on the nature of enzymatic action in 
general. 

The action of hematoporphyrin on several protein substrates 
was investigated to discover whether an actual hydrolysis of the 
protein took place and to elucidate the mechanism involved. The 
results obtained support Mathews’ theory of enzyme action that 
enzymes are ‘‘conductors of energy”’ (2). 


EXPERIMENTAL 


Preparation of Hematoporphyrin—Pure crystalline hemin was 
converted into hematoporphyrin according to the procedure 
of Willstéitter and Fischer (3). 20 gm. of crystalline hemin were 
placed in a flask containing 500 gm. of glacial acetic acid, previ- 
ously saturated with hydrobromic acid at 0° until it had attained 
a specific gravity of 1.41 at that temperature. The mixture was 
allowed to stand for 12 hours at room temperature, and was ocea- 
sionally shaken until the hemin was completely dissolved. ‘The 
solution was then poured into 2.8 liters of water and filtered 
through a thin layer of tale. 


* This is a reprint in part of the dissertation submitted to the Graduate 
School of the University of Cincinnati in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy, June, 1932. 
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The iron was removed from the solution of hematoporphyrin 
by the method of Hill (4). After allowing the above filtrate to 
stand for 3 hours, 600 cc. of saturated sodium acetate containing 
10 per cent sodium potassium tartrate were added. The mixture 
was filtered, the iron appearing in the filtrate as a soluble salt. 
The precipitate was washed with 500 ee. of distilled water. The 
washed precipitate was redissolved in 0.05 N hydrochloric acid 
and reprecipitated with a minimum amount of Rochelle salts. 

To prepare the hydrochloride salt from the crude hematopor- 
phyrin, the method of Nencki and Zaleski, as described by Howell 
(1), was used. 

Fibrinogen—This protein was prepared from citrated horse blood 
which was centrifuged at high speed to remove corpuscles and 
platelets. To 1 volume of plasma was added an equal volume of 
saturated sodium chloride. he precipitated fibrinogen was 
quickly removed and washed with a half saturated solution of the 
salt. The protein was then dissolved in a small volume of dis- 
tilled water. Three precipitations of the fibrinogen generally 
yielded a clear solution which coagulated upon the addition of 
thrombin. 

The first question asked was whether fibrinogen was altered so 
that it would no longer clot on the addition of thrombin. 

The experimental procedure was carried out as follows: 50 ce. 
of a 0.3 per cent fibrinogen solution were placed in a 400 ec. round 
bottom quartz flask. 1.0 ee. of a 0.35 per cent hematoporphyrin 
solution was added to the fibrinogen. A control flask containing 
50 ec. of the 0.3 per cent fibrinogen solution was placed beside the 
first flask. Another control solution identical with the solution 
in the first flask, was placed in a dark flask. 

All containers were immersed in a constant temperature bath 
and exposed to the radiations of a mercury are lamp,! which was 
provided with a filter to eliminate the ultra-violet. At the end 
of the light exposure 3 cc. portions of each solution were pipetted 
into 1 X 10 em. test-tubes, 0.3 ec. of fresh thrombin solution was 
added to each tube, and the tubes were immersed in a water bath 
at 38°. This was to discover the presence of any unchanged 
fibrinogen. 


1 A Cooper Hewitt Uviarc lamp was loaned through the courtesy of the 
National Research Council. 
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The thrombin solution used was activated serum and was pre- 
pared as follows: 1 ec. of 2.5 per cent calcium chloride was added 
to 10 ce. of freshly citrated plasma, placed in a water bath at 38°, 
and allowed to clot. 0.3 ce. of a 0.5 per cent cephalin solution was 
then added to 5 cc. of serum pressed out of the clotted plasma. 
The cephalin activated the prothrombin to form thrombin. This 
cephalinized serum was the thrombin solution used. 

The results in Table I confirm those of Howell. Fibrinogen 
exposed to light in the presence of hematoporphyrin loses its clot- 
ting power and ability to coagulate with heat. 

The next question was whether the protein had been nodal 
The solution of fibrinogen and hematoporphyrin previously ex- 
posed to light for a period of 50 hours was examined for the usual 


TABLE I 
Effect of Hematoporphyrin and Light on Fibrinogen 
Distance of light from solution 20 cm.; time of exposure 5 hours; tem- 
perature 15°; concentration of hematoporphyrin 0.007 per cent. 


Type of solution Clotting time ——- 

min, "C. 

and hematoporphyrin (light)... .. No clot None at 99 

(no light).. 4 56 


hydrolytic cleavage products of the proteins. The following 
results were obtained: (1) The solution still gave the biuret test. 
(2) It contained a non-heat-coagulable protein precipitated by 
ammonium sulfate; an albumose. The filtrate no longer gave a 
biuret test and so contained no peptone. (3) It contained no 
protein precipitated upon half saturation with sodium chloride, 
indicating that all the fibrinogen had been changed. It is con- 
cluded that the protein has been hydrolyzed with the production 
of an albumose. 

Experiments were then tried with a shorter exposure of fibrino- 
gen and hematoporphyrin to light and it was found that there 
appeared as an intermediate product a heat-coagulable protein 
which coagulated between 75-80°. It was suggested by Professor 
Mathews that this protein might be serum albumin. It is appar- 
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ently identical with the one produced from fibrinogen by snake 
venom as recorded by Mathews and Billing (5). This protein is 
hydrolyzed to an albumose by further exposure to light and 
hematoporphyrin. 

Further evidence suggesting that serum albumin may be 
generically related to fibrinogen is indicated by the experiments 
of Rask and Howell (6). They have shown that serum albumin © 
is the only protein of serum that will completely protect the 
perfused terrapin heart against the toxic action of hematopor- 
phyrin and light. It is probable that serum albumin, like fibrino- 
gen, reacts with hematoporphyrin, which thereby destroys its 
toxie action. | 

Serum Albumin—Crystalline serum albumin was_ prepared 
according to the methods of Young (7) and Adair and Robinson 
(8). The protein was dialyzed against distilled water until free of 
ammonium sulfate. 

It was found that when a 0.5 per cent solution of serum albumin 
containing 0.0035 per cent hematoporphyrin was exposed to light 
for several hours, hydrolysis of the protein occurred. This 
hydrolysis was evident when the filtrate of the heat-coagulated 
protein was analyzed for proteolytic products. Upon addition of 
an equal volume of 20 per cent trichloroacetic acid to the filtrate 
a white floeculent precipitate settled out. A biuret test on the 
filtrate was positive. Neither of the filtrates from the coagulated 
control protein solutions (the one with hematoporphyrin placed . 
in the dark, and the other without hematoporphyrin exposed to 
light) gave a precipitate with trichloroacetic acid or a positive 
biuret test. 

Half saturation of the filtrate from the coagulated hydrolyzed 
serum albumin with ammonium sulfate gave a precipitate, indi- 
cating the presence of a primary albumose. No secondary 
proteoses were present. 

The general result is to show that serum albumin is also hydro- 
lyzed by hematoporphyrin and light, as is fibrinogen, but the 
hydrolysis is at a much slower rate. In fibrinogen the whole of 
the nitrogen is in the form of protein products no longer heat- 
coagulable after 10 hours of exposure; whereas in serum albumin 
only about 5 per cent has been split off in the same time. 

Serum Globulin—An equal volume of saturated ammonium 
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sulfate was added to horse serum to precipitate the serum globulin. 
The precipitated globulin was filtered off and redissolved in dis- 
tilled water. Three precipitations were performed and the final 
resolution of the globulin was dialyzed against distilled water 
until free of ammonium sulfate. 

After exposure of the 0.4 per cent solution of globulin to light 
in the presence of hematoporphyrin it was heat-coagulated. The 
filtrate of the coagulated protein was analyzed for hydrolytie prod- 
ucts. The results show no increase in the filtrate nitrogen in 
comparison to the control solutions. 

Eqg Albumin—Crystalline egg albumin was prepared according 
to the method of Sgrensen (9) and freed of ammonium sulfate by 
dialysis. A solution of egg albumin exposed to light in the pres- 
ence of hematoporphyrin was heated in a boiling water bath. 
The nitrogen of the filtrate was determined and was found to be 
the same as that of the control. Apparently no hydrolys's of 
egg albumin by hematoporphyrin and light had occurred. 

Mechanism of the Reaction—The first question asked was 
whether the light energy was efficient in the absence of oxygen. 
It was found that besides light and hematoporphyrin, oxygen must 
be present. 

To study the rdle of oxygen in this reaction of hematoporphyrin 
and light on fibrinogen, experiments were carried out with the aid 
of a hydrogen atmosphere. Electrolytic hydrogen was bubbled 
through the fibrinogen solution, thereby removing any oxygen 
present. After half an hour of vigorous bubbling of hydrogen 
through the fibrinogen the quartz flask container was stoppered. 
1 ee. of 0.35 per cent hematoporphyrin was added to the 50 ce. 
of fibrinogen and hydrogen passed through the solution again to 
insure the removal of all oxygen. The results of the experiment 
are as follows: 


Coagulation 

Atmosphere Clotting time temperature 
min. 


Conditions of exposure to light are the same as those in Table I. 
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These experiments, which always gave the same results on repe- 
tition, show very clearly that hematoporphyrin and light alone 
do not hydrolyze or alter fibrinogen so as to cause it to lose its 
clotting power or change its temperature of coagulation by heat. 
Oxygen is necessary. 

The fluorescence of the hematoporphyrin is not reduced, so far 
as it could be determined, in the hydrogen atmosphere as com- 
pared with the air atmosphere. The fluorescence does not, there- 
fore, depend on oxygen; and further, it is clear that the hydrolysis 
cannot be a direct result of the fluorescence. In fact, the result 
suggests that the fluorescence is an incidental matter, not of the 
importance many observers have supposed. 

Another interesting observation was that the hematoporphyrin, 
although fluorescing in the hydrogen atmosphere, was not de- 
stroyed by the light. There was no diminution in the tint of the 
solution after prolonged exposure to light in the presence of 
hydrogen; whereas the red color was entirely lost in the control 
solution exposed to light in an atmosphere of air. This shows 
that the destruction of the hematoporphyrin, like its proteolytic 
powers, when illuminated, depends on oxygen. 


DISCUSSION 


In the experiments performed it has been shown that both 
hematoporphyrin and oxygen are necessary, and that there must 
be an additional source of energy in light, presumably the light 
absorbed by the hematoporphyrin. In the absence of light at 
such low temperatures as have been employed, no appreciable 
hydrolysis of the protein occurs. Hence, there are four elements 
recognized in the reaction: (1) molecular oxygen, (2) hematopor- 
phyrin, (3) water, (4) radiant energy. 

The theory of what happens is as follows: Hematoporphyrin 
unites with the protein to form a hematoporphyrin-salt compound. 
It may be said in favor of this theory, that on boiling and coagulat- 
ing the protein, the whole, or a large part of the hematoporphyrin, 
remains attached to the coagulated protein. The hematopor- 
phyrin absorbs light both in the ultra-violet and in the visible 
spectrum. This absorption increases its energy content; it does 
not, however, increase it sufficiently to lead to the destruction of 
the molecule, or to the hydrolysis of the protein. If any hydrol- 
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ysis occurs it is at so slow a rate as to have escaped observation. 
Most, if not all, of the absorbed energy is radiated as fluorescent 
light. 

But when oxygen is present, with its large store of energy, it is 
able to unite with the excited hematoporphyrin molecule, and to 
oxidize it, passing its energy over to it. ‘This has a double result: 
The energy content of the hematoporphyrin is so increased that it 
becomes unstable and decomposes. A portion of the energy of 
the excited hematoporphyrin molecule may be passed through its 
union with the protein to the latter, and lead to its excitation also. 
This excited or anakinetic protein molecule then unites with water 
and is hydrolyzed. 

The whole process would be a true catalytic process were it not 
that the hematoporphyrin was destroyed. If it were not, the 
molecule of hematoporphyrin might function many times as a 
earrier of energy from oxygen to the protein. 

Owing to the uncertainty of the molecular weight of fibrinogen 
it was impossible to determine whether 1 molecule of hematopor- 
phyrin functions but once or many times. It was found later that 
hematoporphyrin might function many times in the oxidation of 
potassium iodide; in that case the action is truly catalytic and is 
probably so here. 

It is suggested that with this limitation, hematoporphyrin may 
be called a proteolytic enzyme. Furthermore, it is an enzyme of 
considerable specificity, since it is a proteinase acting on only a 
few proteins, preeminently on fibrinogen. In fact, the result of 
its action appears to be nearly similar to that of thrombin, and 
even more similar to fibrinogenase in Crotalus adamanteus venom, 
as Mathews has pointed out. 


SUMMARY 


1. In confirmation of Howell (1), it has been found that hema- 
toporphyrin in the presence of light hydrolyzes the protein, 
fibrinogen, so that it will not clot with thrombin or coagulate with 
heat. Furthermore, it will not precipitate upon half saturation 
with sodium chloride. 

2. Serum albumin undergoes hydrolysis in the presence of light 
and hematoporphyrin. 

3. Oxygen is necessary for the hydrolysis. 
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4. Hematoporphyrin unites with the protein, becomes excited 
through the absorption of light energy, combines with oxygen, 
and passes a part of this energy over to the protein molecule, 
thereby activating the latter and causing it to become hydrolyzed. 


The writer is greatly indebted to Professor Mathews for his 
continued interest, kind encouragement, and helpful criticism 
during the course of this research. 
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THE RATE OF CHANGE OF ALKALI RESERVE AFTER 
INGESTION OF SALTS OF ORGANIC COMPOUNDS 


I. NORMAL VARIATIONS IN ACID-BASE BALANCE UNDER 
BASAL CONDITIONS* 


By JANE ano ELMER L. SEVRINGHAUS 


(From the Department of Physiological Chemistry, Medical School, University 
of Wisconsin, Madison) 


(Received for publication, August 17, 1933) 


‘The rate of action of citrus-fruits in building up depleted alkali 
reserve in uncompensated acidosis, and particularly in the relief 
of diabetic acidosis, has not been satisfactorily determined. 
Usually when a ease of acidosis calls for quick action, sodium 
bicarbonate is administered in liberal quantities in order to release 
a supply of alkali into the system. If, however, the action of 
citrus-fruits, which is due to the alkali metallic salts of various 
organic acids, is relatively rapid, the use of these fruits may he 
of therapeutic value in an emergency. 

The purpose of these studies is to ascertain how rapidly the 
ingested salts of organic acids produce any significant change in 
alkali, pH, and CO, content of blood serum. 

Plan of Study—Preliminary observations were made on twenty 
normal subjects to determine the variations over a normal morning 
period. Difficulty was encountered in establishing these normals 
as there was too much fluctuation due to various physiological 
processes and other concurrent factors. Cullen and Earle (2) 
also found that the level of pH and CO, was interrupted by fluetua- 


* A preliminary report of this work was presented before the Twenty- 
seventh meeting of the American Society of Biological Chemists at Cincin- 
nati, April, 1933 (1). 

t The experimental data presented in this paper are taken from the thesis 
submitted by Jane Cape to the Graduate School of the University of Wis- 
consin in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, 1933. 
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tions due to digestion, exercise, and other factors, and made the 
practical conclusion that pH and CQ, studies, particularly in 
clinical work, should be conducted under basal conditions. This 
had not been the regular practice in previous studies. It was con- 
sidered necessary, therefore, to determine first the normal varia- 
tions of the acid-base equilibrium under basal conditions as a 
control measure. The present report is concerned with these 
results. 


EXPERIMEMTAL 


In all experiments made blood was drawn and centrifuged under 
oil and serum was used for snalysis. Three methods were used for 
determining the blood alkali: 

Total COs Content Determinations—The serum CQO. was de- 
termined by means of a Van Slyke and Neill (3) closed mano- 
metric apparatus, the Van Slyke-Sendroy tables (4) being used 
for calculating CO. content. The CQ. values are for total COs 
content of serum and expressed in volumes per cent rather than 
mM concentration in order to conform to clinical usage. 

pH Determinations—The pH was determined by the Hastings 
and Sendroy (5) bicolorimetric method, with the bicolorimeter 
recently developed by Hastings. 

Total Base Determinations-——The total base analysis was carried 
out by the accurate modification of Fiske’s (6) method introduced 
by Stadie and Ross (7). 

The group studied included both men and women. The routine 
for all tests was as follows: The subjects were kept at rest at least 
8 hours prior to the test. They fasted 12 to 14 hours before the 
experiment, and during the course of the observations received 
neither food nor water and were kept at absolute rest. Blood 
samples of 15 to 20 ec. were taken at hourly intervals. The first 
sample was taken in the morning before arising. The subject was 
kept at rest during the observation. 

The first series of experiments to determine the acid-base varia- - 
tions under basal conditions was made on a control group of seven 
normal individuals during the morning period from 7 a.m. to 12 
noon. Blood samples were taken at hourly intervals for determi- 
nation of the serum pH, CO, content, and total base. 


259 


J. Cape and E. L. Sevringhaus 


69 | 8 98 9 | FL LS 9 SOT | EL HS | VOT | 9S Lg 1 6ST | Lo 
OL $00; 691; | FLOSS | iLL SE 8 8891 Gel SS | 9% 
|100 89 € GOL OLT 2 OL | LOT 69 6E 2 CHES ZOLT SEL 9S | 
0 | 9 SET 822 IT 29 |} OST LG | OST PELE LET 6009 | OST | EL 6019 | Fe 

Ol | oo | 2) 9&9 SOT 80 89 6 L F999 8 69T 82 L 06 19 | 

00; | 691 | COL 2 68°79 | 69T IF 2 OL F9 | 
6G GE se Ce LS G6 POT | O'S COL VEL FH HS C COT FS | 
| | OO | | | OO | | BY | OO | | | | | | | | | 

yoorqny 


saipnjy 


I 


| 
| | 


260 Rate of Change of Alkali Reserve 


DISCUSSION 


Table I shows the CO, content, the pH value, and the total base 
of blood sera of seven subjects under basal conditions. It is 
obvious that the CO. content of normal blood tends to run higher 
in all subjects than has been observed by other investigators, 
except Earle and Cullen (8). However, their pH values are higher 
than those observed in these experiments. 

In Subjects 21, 25, 26, and 27 the fluctuations were meet} in 
(‘Oo content and pH. In Subjects 20 and 22 there is a slight rise 
in CO, content, pH, and total base. In no case does the CO, 
content rise more than 4.74 volumes per cent, and the pH 0.05, 
the total base 7.0 milli-equivalents, except in Subject 22, in 
whom the rise was 10.0 milli-equivalents. In Subject 24 there was 
a slight dropin CO, content and om while the total base remained 
more constant. 


SUMMARY 


The acid-base levels (pH, CO, content, and total base) in blood 
sera of normal individuals under basal conditions showed no 
significant variations over a morning period of 5 hours. 


BIBLIOGRAPHY 


1. Cape, J., J. Biol. Chem., 100, xxv (1933). 

2. Cullen, G. E., and Earle, I. P., J. Biol. Chem., 83, 545 (1929). 

3. Van Slyke, D. D., and Neill, J. M., J. Biol. Chem., 61, 523 (1924). 

4. Van Slyke, D. D., and Sendroy, J., Jr., 7. Biol. Chem., 73, 127 (1927). 
5. Hastings, A. B., and Sendroy, J., Jr., J. Biol. Chem., 61, 695 (1924). 
6. Fiske, C. H., J. Biol. Chem., 61, 55 (1922). 

7. Stadie, W. C., and Ross, E. C., J. Biol. Chem., 65, 735 (1925). 

&. Earle, I. P., and Cullen, G. E., J. Biol. Chem., 83, 539 (1929). 


THE BASIC AMINO ACIDS OF SERUM PROTEINS 


By RICHARD J. BLOCK* 


(From the Department of Physiological Chemistri, Yale University, 
New Haven) 


(Received for publication, August 12, 1933) 


INTRODUCTION 


Up to the middle of the nineteenth century blood serum was be- 
lieved to contain only “albumen.’’ The studies of Schmidt (1), 
Weyl (2), Panum (3), and others (4) led them to conclude that 
there are at least two and probably more proteins in this fluid. 
These investigators observed that if serum was diluted with water, 
dialyzed, acidified with organic acids, or partly saturated. with 
certain neutral salts, a protein was precipitated which Weyl (2) 
ealled serum globulin. It was noticed that the yields of serum 
globulin prepared by any one of these various methods differed. 
Two explanations were advanced; the first was that there are 
several globulins present in serum, each of which is precipitated 
under slightly different conditions: the second accounted for the 
varying yields by the supposition that globulin is incompletely 
thrown down under differing experimental conditions. A third 
explanation based on both these ideas was also offered; namely, 
that there are several globulins which are completely precipitated 
under various experimental conditions. This last hypothesis suf- 
ficed to explain the origin of any products called globulins which 
might be obtained from serum, but it did not contribute much to 
our knowledge of the “‘living blood proteins.”’ 

The unprecipitated serum protein was called serine or serum 
albumin. The yield obtained in any specific instance varied in 
relation to the globulin previously precipitated from the serum. 

Number of Serum Protetns—It is unnecessary to review the 
literature on the proteins that have been isolated from blood serum. 


* Standard Brands Incorporated Fellow, 1932-34. 
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Their nature varies according to the technique employed. The 
recent review by Howe (5) should dispel any doubts that the serum 
proteins, as isolated by the customary techniques, do not represent 
proteins preexisting in the serum during life. We agree with his 
statement that ‘the protein fractions separated by salting out are 
chemical entities or mixtures of such entities.’? On the other hand, 
our evidence forces us to believe that the protein fractions usually 
isolated are the accidental products of the method employed. 

Groh and Faltin (6) fractionally precipitated horse serum with 
ammonium sulfate at 30, 40, 50, 60, 70, and 80 per cent of satura- 
tion. They observed that the extinction coefficients and trypto- 
phane content of the successive protein fractions decreased in a 
regular order. On the basis of solubility experiments, S¢rensen has 
shown that lipid-free crystalline serum albumin is easily and re- 
versibly dissociated into components of different chemical and 
physical properties. He has suggested that native proteins in 
general consist of reversibly dissociable component systems. 
“These substances are represented by the ordinary formula A,B,- 
C, . . ., where A, B, C, ete. indicate entire complexes mainly 
polypeptides, whereas the subjoined indices, x, y, z, etc. indicate 
the numbers of the said complexes contained in the whole compo- 
nent system. Within each complex all the atoms or atom groups 
are interlinked by main valencies, whereas the various complexes 
or components are reversibly interlinked by means of residual 
valencies”’ (7). 

The present study was undertaken with the object of throwing 
some light on the chemical nature of the polypeptide component 
systems which make up living protoplasm. The investigation of 
the basie amino acid content of cattle serum was chosen for the 
following reasons. The studies of Viekery and Block (8) have 
indicated that certain insoluble proteins derived from such varied 
sources as hair, wool, snake skin, silk, and so forth, contain argi- 
nine, histidine, and lysine in approximately a constant ratio. 
The protamine nucleus and kyrine hypotheses of Kossel (9, 10) and 
of Siegfried (11) and the remarkably high basic amino acid content 
of vitellinie acid (12) point to the possible wide-spread importance 
of these amino acids in the structure of the protein molecule. 

Our results not only confirm those of Sérensen and of Groh and 
Faltin but they also indicate that the non-dissociable components 


i 


R. J. Block 263 


are not equivalent in their amino acid composition. Those frac- 
tions which contain the larger amounts of lysine are seemingly the 
least easily precipitated by neutral salts. 


EXPERIMENTAL 


Preparation of Serum Proteins. With Ammonium Sulfate— 
Fresh cattle blood was cooled to 4° and allowed to clot. The clot 
was removed and the serum was centrifuged clear. The centrif- 
ugal fluid contained only a small amount of hemoglobin. An 
equal volume of neutralized ammonium sulfate solution, 40 per 
cent by weight, was added and the serum was allowed to stand 24 
hours. The precipitated protein was filtered off, washed with 
neutral 20 per cent ammonium sulfate, dissolved in water, and 
reprecipitated as before. ‘This process was repeated a second time. 
The purified globulin (from now on to be ealled 20 per cent ammo- 
nium sulfate globulin) was dissolved in water, filtered, acidified to 
pH 4.5 with acetic acid, and heated on the steam bath until 
completely coagulated. The coagulum was washed free from 
sulfate with warm water, extracted with hot alcohol, dehydrated 
with absolute acetone and ether, and finally dried at 100°. 

Solid ammonium sulfate to 40 per cent by weight was added 
to the filtrate from the original precipitate undiluted with wash- 
ings. ‘The pH of the resulting solution was adjusted to that of 
the original serum by adding either ammonia or sulfuric acid. 
The subsequent steps in the preparation of 40 per cent ammonium 
sulfate globulin were similar to those described for the 20 per cent 
globulin. ‘The filtrate was employed for the preparation of a 60 
per cent ammonium sulfate fraction hereafter designated 60 per 
cent ammonium sulfate albumin. 

With Sodium Chloride—Serum diluted with an equal volume of 
water was saturated with an excess of powdered sodium chloride, 
allowed to stand 24 hours, and the precipitated globulin was fil- 
tered off and purified by repeated reprecipitation under the same 
conditions. ‘The filtrate was acidified to pH 4.5 with acetic acid 
and heated in order to coagulate the albumin. Both fractions, 
sodium chloride globulin and sodium chloride albumin, were 
washed and dried in the manner already described. 

With Magnesium Sulfate— Albumin and globulin fractions were 
prepared from undiluted serum with this salt in essentially the 
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same way as the sodium chloride fractions except that all precipita- 
tions by saturating with magnesium sulfate were carried out at 
25°+ 2°. Thecareful control of temperature and pH seems to be 
especially important in this experiment. Our failure to realize 
this resulted in protein fractions of widely differing lysine yield. 

With Sodium Sulfate—Fractions were prepared at a concentra- 
tion of 15 per cent by weight of sodium sulfate and at 30 per cent: 
the latter precipitation was carried out at 37° 4- 1°. Purification 
and isolation of these fractions were carried out in essentially the 
same manner as previously described. The original filtrate from 
the 30 per cent sodium sulfate precipitation was employed for the 
preparation of an albumin fraction, sodium sulfate albumin. 

Determination of Basic Amino Acids—'The methods employed 
were those previously used (8). Twoimportant modifications were 
introduced into the method: all concentrations were carried out (1 
vacuo at less than 30° and the lysine fractions, after decomposition 
of the lysine phosphotungstate, were further purified by heating the 
solution with excess cupric hydroxide at pH 7 (8). The amounts 
of arginine, histidine, and lysine given in Table I are calculated 
from the weights,of the pure arginine flavianates, histidine diflavi- 
anates, and lysine picrates in per cent of moisture-free and ash-free 
protein. The purity of the flavianates was verified by sulfur 
analyses as well as by physical properties. -On account of the 
great importance of the lysine determinations, the purity of the 
lysine picrates was substantiated by determination of the melting 
points and the mixed melting points, and furthermore the picrates 
from several pooled samples were converted into the dihydro- 
chlorides. In one such experiment 89 per cent of the theoretical 
amount of lysine dihydrochloride (m. p. 210°; N 12.8) and 98 per 
cent of the picric acid were isolated. 

It has been found that very excellent checks can be obtained for 
arginine and histidine when from 2 to 20 gm. of protein are used. 
For example, the amount of histidine diflavianate isolated from 9 
gm. of 40 per cent ammonium sulfate globulin was equivalent to 
1.77 per cent of histidine while that from 3 gm. of the same protein 
was 1.79 per cent. This close check is the rule rather than the 
exception. Unfortunately the quantitative estimation of lysine 
is more difficult and larger variations are to be expected. ‘These 
errors probably do not interfere with the fundamental deductions 
drawn. 
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DISCUSSION 


The results of thirty-two separate basic amino acid analyses are 
briefly summarized in Table I. The values reported are the 
highest of duplicate analyses of the same protein sample although 
the different salt fractions were not necessarily prepared from the 
same serum. We wish to stress that these values only indicate the 
basie amino acid content of a particular protein from an individual 
sample of cattle serum. The value 26.9 per cent of lysine in 
magnesium sulfate albumin (Experiment 11) has been con- 
firmed on the same preparation. The failure to obtain a mag- 
nesium sulfate fraction (I¢xperiment 9) equally rich in lysine 


TABLE I 
Basic Amino Acids of Blood Proteins 


me Protein | Nitrogen Lysine 
| | per cent jper centiper cent|per cent 
1 | Globulin, MgSO, 14.33 | 1.06 | 5.4 | 4.3 
2 - 15 per cent Na.SO, 16.46 | 1.12 | 5.5 6.5 
 (NH,).SO, 15.73 | 1.16 | 5.3 7.9 
4 15.66 | 1.28 | 5.2 | 10.9 
o 40 * 16.53 | 1.80 | 6.2 | 12.1 
NaCl 15.90 | 1.30; 6.7 | 12:2 
7 Albumin, 60 per cent (NH4).S0, 15.67 | 2.76 | 6.2 | 13.6 
| NaCl 15.36 | 1.2%) 5.2 | 315.6 
g | MgSO, 15.6 
10 Na,SO; | 15.23 | 1.05 | 6.3 | 
11 MgSO, | 14.71 | 3.22] 5.0 | 


could be due to an actual deficiency in the lysine content of the 
blood (ef. 10, 13), to variations in the precipitating conditions, or to 
changes in the physicochemical state of the blood during the time 
in which it was allowed to clot (see (12) for a possible chemical 
analogy). 

These studies lend weight to the conception that the serum does 
not contain several independent proteins; that the fractions iso- 
lated by physicochemical methods are not preexistent in the 
serum but result from the technique employed. Our experiments 
apparently indicate that the non-dissociable components are not 
of the same amino acid composition but that those containing a 
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higher percentage of lysine usually comprise the more soluble 
albumin fractions with which the lysine-low components might 
unite to form globulins. 

Although these experiments show that proteins precipitated by 
one method cannot be compared to those obtained by another, 
nevertheless the changes in the amounts of the albumins and 
globulins as reported clinically are still of value, because almost all 
the fractionations reported in recent years have been carried out 
by the fairly uniform ammonium sulfate or sodium sulfate methods. 

Our observations might be used as a working hypothesis to ex- 
plain some of the anomalies of behavior of serum under various 
clinical and experimental conditions. 


SUMMARY 


Fresh cattle serum has been fractionated by various concentra- 
tions of ammonium sulfate, sodium sulfate, magnesium sulfate, 
and sodium chloride. The various protein fractions as isolated 
by this procedure did not have the same chemical composition 
based on the determination of the amino acids, arginine, histidine, 
and lysine. It appears that the more soluble serum proteins yield 
the greater amounts of lysine on acid hydrolysis. 

The results are consistent with Sgrensen’s hypothesis, that the 
serum proteins are constructed of a large number of non-dissociable 
components (6, 7). The proteins obtained by the usual physico- 
chemical methods are not of a constant amino acid composition. 


I wish to express my gratitude to Professor Lafayette B. Mendel 
and Dr. Hubert Bradford Vickery for their advice in this problem. 
The proteins were prepared by the author; the analyses were 
earried out by H. Toyoda. 
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In previous work (1) the writers showed that catalase in the 
extract prepared from the mussel Mytilus californianus, Conrad, 
slowly lost its ability to decompose hydrogen peroxide. Cata- 
lases from other sources have likewise been found unstable. ‘Thus 
von Euler and coworkers (2) showed that fresh suspensions of 
green malt rapidly lost their catalase activity on standing, even at 
0°. Charmandarian (3) reports that barley malt loses its catalase 
activity more slowly in an atmosphere of carbon dioxide than in air. 
Kultjugin (4) found that, zn vitro, the catalase in the blood of 
guinea pigs becomes inactivated more rapidly than that in the 
blood of rabbits, the catalase of which in turn becomes inacti- 
vated sooner than that in the blood of man. A study has been 
made to determine whether or not the oxygen of the air is the 
primary cause of the inactivation of mussel catalase. The mech- 
anism of this loss of activity and the effect of temperature have 
also been investigated. 

The nearly universal distribution of this enzyme in plant and 
animal tissues suggests that it must be of fundamental! importance 
in certain physiological processes. Burge et al. (5) obtained evi- 
dence that catalase is very probably concerned with oxidative re- 
actions in living tissues. 


Procedure 


The general procedure for the preparation of extracts was that 
previously described. Animals were selected 6.9 to 13.6 cm. in 
length, the average length being 9.6cm. The tissue was separated 
from valves and byssus strands, finely minced, and allowed to 
stand overnight, usually at 20°, in contact with a phosphate buffer 
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(6) or distilled water. 10 per cent extracts were prepared (that 
is, the volume of solvent was 10 times the weight of the tissue). 
Filtration yielded a yellowish, opalescent solution containing 
catalase. This was stored under toluene as a preservative in 
Pyrex glass bottles at constant temperature, and in the dark most 
of the time. 

LaMotte color standards and the corresponding indicators were 
used for the determination of pH values. 


MG. H,O, DECOMPOSED 


me | 
DAYS 


Fig. 1. Inactivation of mussel catalase. Curve 1, 10 per cent extract, 
nitrogen passed over; Curve 2, 10 per cent extract, nitrogen passed through; 
Curve 3, 10 per cent extract, stood in air; Curve 4, 5 per cent extract, nitro- 
gen passed over; Curve 5, 5 per cent extract, stood in air. (The 5 per cent 
extract was prepared by mixing equal volumes of the 10 per cent extract 
and phosphate buffer of pH 7.0.) 


The potassium permanganate solutions which were used for the 
determination of excess hydrogen peroxide in the catalase-hydro- 
gen peroxide systems were accurately standardized, and ranged 
from an equivalence of 4.2 to 5.1 mg. of hydrogen peroxide per ce. 

Instability in Presence of Oxygen—-Extracts prepared in the 
above manner were allowed to stand in a constant temperature 
room at 20° under the varying conditions described with the 
curves in Figs. 1 and 2. The pH of the extracts, as determined 
with LaMotte color standards, ranged from 6.2 to 6.8, but no 
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correction was made for protein or salt effects, which might account 
for the lowering of the reading from the original buffer value of 
7.0. Solutions of approximately 1 Mm hydrogen peroxide were pre- 
pared, Merck’s 30 per cent superoxol in phosphate buffer at pH 7.0 
being used. 

The nitrogen passed over or through portions of the extracts 
was from a von Linde cylinder, and specified 99.6 per cent pure. 
It was further purified with respect to oxygen by passing it through 
a series of four Drechsel wash bottles containing freshly prepared 
alkaline pyrogallol (1 volume of 22 per cent pyrogallol plus 5 to 6 
volumes of 60 per cent KOH). 


| | 

| 
| 
uJ 
cee 
= 


DAYS 

Fig. 2. Inactivation of mussel catalase. Curve 1, nitrogen passed over 

extract; Curve 2, extract stood in air; Curve 3, oxygen passed over extract. 


Within 15 minutes of the same time each day, 5 ec. of extract, 
in each case, were measured into separate beakers. 2 ce. of hydro- 
gen peroxide solution were added to each sample of extract, and 
the time of standing was obtained with a stop-watch. At the end 
of 120 minutes (data of Fig. 1), 10 ec. of 10 per cent sulfurie acid 
were added to each container, to stop the reaction. The excess 
hydrogen peroxide was titrated with standard potassium perman- 
ganate. Controls were run on extract that previously had been 
heated to boiling. The mg. of HO, plotted in Figs. 1, 2, 4, 5 is 
the difference between the samples and the corresponding controls. 

It is noted that catalase systems stored under nitrogen are in 
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every case inactivated at a lower rate than those kept under oxygen 
orair. ‘Theirregularities in Curves 1 and 2 in Fig. 1 are believed to 
be due to heterogeneity in the dispersal of catalase in the suspen- 
sion, since precipitated particles made their appearance during 
the course of the experiment. Filtration through a Berkefeld N 
filter of 0.44 pore size, following the regular filtration through 
Whatman No. 1 paper, removed the irregularities in the curve, 
although this treatment also lowered the initial catalase activity 
by about 50 percent. Fig. 2 shows the rate of inactivation of the 
enzyme under nitrogen, under air, and under oxygen. ‘The reac- 
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215 4 15 6 17 
DAYS 
Fic. 3. The inactivation of mussel catalase in air. Logarithm (mg. of 
HO, decomposed) denoted as log y plotted against time in days. 


tion time in this series was 60 minutes, which interval was found 
to be ample. 

It is evident from the foregoing experiments that oxygen is an 
important factor, though perhaps not the only one, in the inactiva- 
tion of catalase in extracts prepared from the California mussel. 

Order of Inactivation Reaction—Since the inactivation of mussel] 
catalase in air follows a smooth curve, an isolated reaction of some 
sort is indicated. When the logarithmic values for mg. of H.O» 
decomposed (denoted as log y) are plotted against the time in days 
for the inactivation in air, a straight line results, except in the 
upper portion. Such a curve is shown in Fig. 3. 
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The fact that the plot is a straight line would lead us to believe 
that the quantity of hydrogen peroxide decomposed is a direct 
measure of the enzyme concentration. Morgulis (7), in his inves- 
tigations on catalase in a beef kidney extract, found that up to 
certain concentrations “‘the catalase activity is directly proportional 
to the enzyme concentration and is independent of the peroxide con- 
centration.”’ experiments were made to demonstrate whether or 
not this is also true of mussel eatalase. 


TABLE I 
Relative Concentrations of Diluted 10 Per Cent Extract 
Time interval, 60 minutes. 


Phosphate buffer, I’ractional pH of 5 ce. + 2 ce. 

‘ pH 7.0 concentration HO» solution 

CC. | ce. 

40) | 0 1.00 6.3 

35 | 5 0.875 6.3 

33 7 0.825 6.3 

30 | 1 0.750 | 6.3 

28 | 12 0.700 | 6.4 

25 | 15 0.625 | 6.4 

23 17 0.575 6.4 

20 20 0.500 6.4 

18 | 22 0.450 6.5 

15 | 25 0.375 6.5 

10 | 30 0.250 6.6 
30 0.125 6.8 
2 38 0.050 | 6.9 


Varying quantities of 10 per cent extract in phosphate buffer at 
pH 7.0 were mixed with portions of additional phosphate buffer so 
that the total volume of each mixture was exactly 40 ec. The 
fractional concentration of each with respect to the original is 
shown in the third column of Table I. 

The same volume (5 ec.) of each of these extract mixtures was 
then added to 2 ce. portions of each of the hydrogen peroxide solu- 
tions at the concentrations shown in Fig. 4. The temperature was 
20°. At the end of 60 minutes the amount of peroxide decomposed 
was determined. Fig. 4 shows that the quantity of peroxide 
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decomposed is proportional to the enzyme concentration, except 
at higher concentrations of the latter. This work was carried out 
as rapidly as possible in the course of a few hours because of the 
instability of the enzyme. 

The experiment was repeated but the time interval was 120 
minutes. The relative concentrations of enzyme are shown in 


H,O, CONCENTRATIONS: | | 
stock 0665M °0989M ¢1654M | 
a - FINAL: O190M 0283M 0473M 
| | 
| 
j 
= 


FRACTIONAL CONCENTRATION 


Vic. 4. Mg. of H.O, decomposed plotted against fractional concentration 
of extract. The time interval was 60 minutes. H.O. concentrations of (1) 
stock solutions used and (2) after 2 ec. of these stock solutions were added to 
5 ec. samples. 


Table II. Variations in pH are probably more apparent than real. 
Fig. 5 shows a straight line again, except at the higher concen- 
trations. 

Since mussel catalase is inactivated in the presence of oxygen, 
indications are that the slow loss of activity of catalase is a reaction 
of the second order. 

The differential equation for a first order reaction is, dr/dt = 
k (a — x), and in the integrated form, when ¢ = 0, x = 0, thenk = 
(2.303/t) log (a/(a — 


TABLE II 
Relative Concentrations of Diluted 10 Per Cent Extract 
ce. ce. | 
40.0 | 0 | 1.00 | 6.4 
35.0 | 5.0 | 0.875 | 6.4 
33.0 | 7.0 (). 825 | 6.4 
30.0 | 10.0 | 0.750 | 6.4 
28.0 | 12.0 0.700 6.4 
| 
25.0 | 15.0 ().625 | 6.4 
23.0 | 17.0 | 0.575 | 6.5 
20.0 | 20.0 | 0.500 | 6.6 
17.5 | 22.5 0.437 | 6.6 
16.5 | 23.5 | 0.413 6.6 
| 

15.0 | 25.0 | 0.375 6.6 
14.0 26.0 | 0.350 6.6 
12.5 27.5 | 0.312 6.6 
11.5 28.5 | 0) 287 | 6.6 
10.0 30.0 | 0). 250 | 6.7 
9.0 | 31.0 | 0.225 | 6.7 
7.5 32.5 187 6.8 
6.0 | 34.0 0.150 6.8 
5.0 | 35.0 | 0.125 6.8 
36.0 | 0.100 6.8 
2.5 | 37.5 | 0.0625 6.8 
1.0 | 39.0 | 0.0250 6.9 

STOCK: O973M *1656M +2440M 

40 FINAL: 0O278M 0473M 0O697M 


MG. H,0, DECOMPOSED 


O02 03 04 O05 0.6 O7 0&8 10 
FRACTIONAL CONCENTRATION 
Fic. 5. Mg. of H.O. decomposed plotted against fractional concentra- 
tion. The time interval was 120 minutes. 
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Let us consider the inactivation from a unimolecular standpoint. 
We have shown that, up to certain concentrations of enzyme, the 
quantity of hydrogen peroxide decomposed under specific condi- 
tions is directly proportional to the catalase concentration. 

Let a = the initial number of mg. of hydrogen peroxide decom- 
posed by 5 ce. of extract; let (a — xr) = the number of mg. of 
hydrogen peroxide decomposed by 5 ec. of extract at any time, ¢, 
in days after the start. To find the true concentration of enzyme, 
it would be necessary to multiply a and (a — x) by some unknown 
factor c, but since this cancels out in the logarithmic expression, 
the method is applicable. 

In Column 1 of Table III] are given data corresponding to Fig. 3. 
The original mg. of hydrogen peroxide decomposed by 5 cc. sam- 
ples measured out daily are shown. Substituting in the above 
equation and solving, we obtain values for k which show a gradual 
drift. However, if we extrapolate the line back to the initial 
time, as shown in Fig. 3, and use the antilogarithm of this extra- 
polated value for a, solving for k for those points which lie in or 
near the curve, we then obtain practically constant values as 
shown in Table III. 

Columns 2 and 3 of Table II] show the data from which Curves 
3 and 5, respectively, of Fig. 1 were drawn. ‘The values of a were 
obtained as before by plotting the logarithmic values for mg. of 
H.O2 decomposed against time in days, extrapolating the resulting 
straight lines back to the y axis, and taking the antilogarithm of 
this value. | 

Variations in the inactivation reaction constant, k, are shown in 
Table III. Only slight variations in the regular procedure were 
made in certain cases. ‘Thus, Column 4 shows data for an extract 
prepared in the regular manner with a phosphate buffer at pH 7.0, 
which stood in air at 18° instead of at 20°, although the determina- 
tions were always carried out at 20°. Column 5 shows data ob- 
tained at 19° (determinations at 19°), while the data in Column 6 
show values for k obtained from Fig. 2 (Curve 2, inactivation in 
air). In Column 7 all conditions were identical with those for the 
preceding determinations carried out at 20°, except that extraction 
of the enzyme was performed with the use of a phosphate buffer at 
pH 8.0 instead of with distilled water or the buffer at 7.0. In 
Column 8, data are shown for a distilled water extract of mussel 
tissue, which stood under air at 20°. 
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It is seen that the values of /& are fairly constant for any given 
experiment. Thus the inactivation reaction conforms to the 
formula for a first order reaction. Since oxygen enters directly or 
indirectly into the reaction, the latter is pseudounimolecular (8). 

The true equation would then be k = (1/tb) In (a/(a — 2z)), 
where b is the concentration of an unknown factor, constant for 
any single experiment. 

At this stage no one cause can be assigned for the fluctuations in 
the value of k in separate experiments. It is hoped that later in- 
vestigations may throw some light on this question. 


TABLE IV 
Pseudounimolecular Constants for Inactivation of Mussel Catalase by 
Oxygen alt Different Temperatures 


de- de- | H.O> de- | de- | HO. de- 
composed, 4 composed, k’’ composed, k’” jeomposed, composed, 
4.7° 15.3° 20.1° 26.6° 36.5° 
days mg. mg. mg. mq. mg. 
44.8 44.8 44.8 44.8 
| (48.2)* (48 .2)* (48 .2)* 44.8 
] 44.8 41.8 38.0 29.0 11.5 
3 44.4 | 0.028 | 36.4 | 29.5 | 0.1641 13.2 
4 41.9 | 0.035! 33.2 | 0.094} 25.1 | 0 163 9.2 
5 42.1 | 0.027; 30.8 | 0.090 | 21.7 | 0.160 7.3 
6 | 41.5 | 0.025] 27.7 | 0.093! 17.5 | 0.169 4.6 
7 | 40.6 | 0.025 25.2 | 0.093! 14.8 | 0.169 3.4 
8 | 40.0 | 0.024} 23.0 | 0.093 | 12.2 | 0.172 
10 | 38.9 | 0.022! 18.6 0.095 95 0.163 
11 | 37.6 | 0.023; 16.9 | 0.095 8.0 0.163 
12 37.0 | 0.022) 15.1 0.097 6.7 | 0.165 
13 | 36.4 | 0.022; 13.1 | 0.100; 5.4 | 0.169 
14 34.5 10.024 11.2 (0.100, 4.5 0.169 


* Mean extrapolated value. 


Inactivation of Catalase at Different Temperatures—-As might be 
expected, the inactivation of catalase occurs at a higher rate as the 
temperature is increased. ‘Table IV shows the rate of inactivation 
at five different temperatures. 

A 10 per cent extract with phosphate buffer pH 7.0 was prepared 
as described and divided into several portions. The extracts were 
stored at the various temperatures in the dark or in dark bottles. 
Measurements of the catalase activity at 20° were made at the 
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same time daily. The reaction time was 120 minutes. Tempera- 
ture variations were as follows: 4.4-4.8°, 14.5-15.5°, 20.0-20.2°, 
26.0-27.0°. 

The same procedure as before was used for calculating the 
values of k at different temperatures. Logarithmic values for mg. 
of H.O2. decomposed were plotted against time in days, and the 
best possible straight line drawn through the first three sets of 
points corresponding to mean temperatures of 4.7°, 15.3°, and 
20.1°. Most of the points of any semilogarithmic curve fall very 
nearly in a straight line with the exception of the plot for 26.6°. 
The short curve for 36.6° was not converted. The straight lines 
did not cut the log y axis at precisely the same point, but very 
nearly so. Antilogarithms were found for the points of intersec- 
tion, and the mean of these was taken as the initial concentration, 
a, for calculating values of 4 at the different temperatures. See 
Table IV. 

Application of the Arrhenius Equation—It was found possible to 
apply the Arrhenius equation successfully for the change in ve- 
locity with temperature. Since we assume that unknown factors 
remained constant under the described conditions, we may 
write the integrated Arrhenius equation (8) as follows: 


ki ] 
2.3 3 ] — 
03 log ( T. 


where k, = k’b and ky = 

In Table V are given mean temperatures and mean values of the 
constants. Let Q/R = A. By substituting data of the combina- 
tions shown in Table V in the integrated expression, values are 
given for A. Thus, we see that the inactivation is such that 
under the given experimental conditions the Arrhenius equation 
shows the effect of temperature in a satisfactory manner. ‘The 
temperature coefficients are hk” hk’ = 3.78 and k’" kh” = 1.75, and 
lie within the normal limits found for chemical reactions. 

At a mean temperature of 26.6°, the logarithmic plot is no longer 
a straight line. The theoretical curve which the inactivation 
should have followed when A is 10,000 was obtained by solving 
the integrated Arrhenius equation for k at the above temperature. 
The reaction is more rapid than the theoretical curve indicates, 
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except at the lower portion. This greater increase in rate may 
have been due to the additional effect of temperature alone in the 
destruction of the enzyme. ‘Thus, at 60° or more the catalase is 
soon destroyed. At 36.6° the process of inactivation proceeds 
rapidly, as is seen in Table lV. There are two processes of inacti- 
vation occurring at higher temperatures, the effect of temperature 
on the destruction of the enzyme being the main reaction. 

Consideration of Sources of Error—The method of Rice and 
Urey (8) was used for deducing the magnitude of the errors in the 
determinations of the values of k. 

Since the maximum deviation in the time ¢ for daily measure- 
ments was 15 minutes or 0.01 day, the error from this source is 
small and within the accuracy of the other measurements. ‘The 
value for a (initial value for catalase activity) was nearly always 
found by extrapolation of a straight line drawn through the 


TABLE V 
Application of Arrhenius’ Equation to Inactivation of Mussel Catalase 


(a) th = 4.7°;k’ = 0.025; (a) + (b), A = 9,990 
(b) to = 15.3°; k’” = 0.095; (b) + (c), A = 10,000 
= 20.1°; k’”’ = 0.166; (a) + (c), A = 10,000 


(c) ts 


greatest number of points representing the logarithmic values for 
(a — 2). 

The determination of the value of (a — 2) was subject to a num- 
ber of small sources of error in measurement, titration values, etc., 
which tend to cancel each other. It was calculated that the sum- 
mation of such sources of error should not exceed about 0.5 mg. of 
hydrogen peroxide. In these experiments, slight variations in the 
temperature (0.2-0.3°) at which the material was stored would 
bring about changes in the value of &. This factor accounts for 
much of the variation in the ecaleulated values for & in a given 
experiment. 

Possible Effects of Traces of Hydrogen Peroxide in Inactivation of 
Catalase—It seemed possible that any traces of hydrogen peroxide 
which might be generated in the standing extract might contribute 
to the inactivation of catalase. ‘To settle this question, a number 
of samples of fresh extract, prepared in the regular manner, were 
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allowed to stand in the presence of varying small concentrations 
of hydrogen peroxide. 

The data in Table VI show that, although the catalase activity 
decreased gradually in air, there was no difference, beyond the 
limits of experimental error, between the catalase activity in the 
solution to which no hydrogen peroxide had been added and that 
in the solution to which the slight amounts indicated had been 
added, and which had been allowed to stand for 63 hours. 


TABLE VI 
Effect of Small Quantities of H2O, on Catalase Activity 


1 cc. of H,O2 solution added to 50 cc. of extract; 5 cc. samples to which 2 
ce. of approximately 1 Mm H.Q, solution were added. Time 60 minutes; 
temperature 20°. 


Concentration — of | | | | 
solution | 
added to extract, | 
0 | 0.1 | 0.01 0.001 | 0.0001 0.00001 
Time of standing HO, decomposed 
0 46.3 | | 
1 45.7 45.7 | 46.3 | 45.7 44.3 
2 43.5 44.5 44.3 45.8 | 46.1 45.0 
4} 40.4 42.9 42.8 43.4 | 42.8 41.4 
64 40.9 41.0 40.7 41.8 41.3 41 2 


* By standardization, 0.0979 M, ete. 


SUMMARY 


Catalase in extracts prepared from the mussel, Mytilus calzfor- 
nianus, Conrad, is inactivated directly or indirectly by oxygen. 
Up to certain concentrations the quantity of hydrogen peroxide 
decomposed is directly proportional to the concentration of the 
enzyme. It is also independent of the concentration of hydrogen 
peroxide over certain ranges of concentration of the latter. The 
inactivation is a pseudounimolecular reaction and the Arrhenius 
equation expresses the rate of inactivation at lower temperatures. 
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IS d-GLUCOSE ABSORBED FROM THE STOMACH OF 
THE DOG? 


By STEPHEN J. MADDOCKh 
(From the Laboratory of Surgical Research, Boston City Hospital, Boston) 


AND HARRY C. TRIMBLE ann BENJAMIN W. CAREY, Jr. 
(From the Biochemical Laboratory of Harvard Medical School, Boston) 


(Received for publication, August 3, 1933) 


In connection with some studies upon the rate of absorption of 
d-glucose from the gastrointestinal tract. of the dog, the contribu- 
tion of the stomach to this process became of interest. The data 
at present available in the literature furnish bases for quite con- 
flicting opinions. In recent years Anciaes (1), Edkins (2), Holtz 
and Schreiber (3), and Freund and Steinhardt (4) have deseribed 
experiments indicating that absorption of this carbohydrate from 
this site does take place in man, the cat, and the dog. Holtz and 
Schreiber, whose data are the most extensive, have reported that 
absorption of glucose from the stomach of dogs averaged 5 per 
cent (maximum 24 per cent) of the sugar ingested. They have 
stated their belief in “die unbedingte Méglichkeit der Resorp- 
tion von Glykose aus dem Magen.” ‘The older literature (5-10) 
presents numerous experiments purporting to demonstrate that 
absorption of glucose from the stomach occurred in quantities 
ranging from 2 to 60 per cent, and that the apparent absorption 
was relatively greater when higher concentrations of sugar were 
employed. 

In opposition to these views stand the reports of London and 
Polowzowa (11) and London and Tschekunow (12). These investi- 
gators have recorded eighteen experiments, in sixteen of which the 
recovery corresponded exactly to the precise quantity of glucose 
ingested. Very recently Macleod, Magee, and Purves (13) have 
reported some observations upon urethanized rats. After ligation 
of the pylorus, glucose was introduced into the stomach and 1 or 
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2 hours later the quantities still present were determined. These 
ranged between 95 and 99 per cent. 

Previous investigations have differed widely with respect to 
experimental procedures. Some have employed anesthetics known 
to influence blood sugar levels. Some (5, 6, 8-12) have used 
animals with fistulas. Some (1, 3, 4) have based their findings 
upon measurements of differential changes in the concentration of 
glucose and that of a non-absorbable substance while present in 
the stomach. This latter type of experimentation has involved 
some assumptions together with rather complicated computations 
in estimating the recovery of glucose. 


Plan of Present Investigation 


It appeared to us that the most direct answer to the question 
as to whether any glucose is absorbed from the stomach itself 
could be obtained by demonstrating an increase in the sugar con- 
tent of the blood issuing from this region. No record of experi- 
ments of this nature has been found. ‘Therefore, specimens of 
blood from gastric veins were obtained before and after glucose 
had been introduced into this organ and a comparison of their 
sugar content was made. ‘The anesthetic (amytal) employed was 
one which Page (14) and observers in numerous other laboratories 
have found to be without hyperglycemic effect. 

For a confirmatory series of experiments a procedure was de- 
vised which obviated both the employment of general anesthesia 
during the absorption period and the presence of fistulous open- 
ings! into the digestive tract. At a preliminary surgical operation 
a device for obstructing the pylorus from the exterior was intro- 
duced. ‘This could be left 77 sztu indefinitely without interfering 
with the general condition of the animal. At the beginning of the 
absorption experiment, the pylorus was blocked, and a solution 
of glucose was introduced into the stomach. After a known in- 


1 Since the period in which such techniques were employed for studies 
upon glucose absorption, the deleterious effect of losses of gastric or intes- 
tinal secretions has come into increasing prominence. (See papers by 
Haden and Orr (15), and by Gamble and McIver (16) for references to this 
literature.) Therefore, it seemed possible that the presence of fistulas, 
with the inherent probability of leakage of body fluids, more or less con- 
tinuously, might soon introduce abnormalities into the response of such 
animals. 
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terval the animal was killed by amytal anesthesia, the stomach was 
removed, its contents were collected, and the sugar present was 
determined. 


EXPERIMENTAL 
Methods 


Analytical Procedures—For measuring the sugar content of blood 
the microferricyanide procedure of Folin and Malmros was em- 
ployed (17). The solutions of glucose introduced into and recov- 
ered from the stomach were titrated by the process of Folin and 
MeEllroy (18) and Folin and Peck (19). 

Recovery of Sugar from Stomach—In the experiments dealing 
with this, the procedure employed was substantially the same as 
that described in a previous publication (20). Ligation of the 
esophagus at its upper end immediately before attempting the re- 
covery was found to be particularly important and helpful. 


Control Tests 


Adequacy of Procedure for Washing Out Stomach—In two in- 
stances after completion of the routine procedure for washing out 
glucose had been accomplished, the entire stomach was placed in a 
beaker, covered with distilled water, and permitted to soak for 
1 hour. On the basis of the revised Folin-Wu (21) sugar method, 
the total quantities of reducing substances recovered in these 
extracts were 23 and 55 mg. respectively. Since these quantities 
were negligible in contrast with the totals involved, it is evident 
that the routine method for extracting glucose from the stomachs of 
the experimental animals was adequate for the purpose. 

Effect of Preliminary Manipulations in Recovery Experiments— 
The sugar content of samples of venous blood taken before and 
again after the preliminary manipulations involved in ligating the 
pylorus had been completed was determined. The values before 
were 78, 93, 77, 80, 77, 100 mg. per cent and in the corresponding 
experiments the values obtained after closure of the pylorus were 
respectively 78, 100, 84, 73, 70, 81 mg. per cent. These show that 
the conditions of experimentation did not have a definite hyper- 
glycemic effect. 

Tests for Presence of Sugar in Small Intestine—-At the conclu- 
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sion of a number of the recovery experiments the small intestine 
was removed and its contents washed out. The solutions ob- 
tained were investigated for evidence that sugar had seeped past 
the pylorus. The quantities found were 24, 26, 54, 10, 21, and 31 
mg. respectively. In control experiments the small intestine of 
three fasting dogs contained respectively 36, 22, and 34 mg. of 
reducing substances. 


TABLE I 
Sugar Content of Blood from Peripheral and Intra-Abdominal Vessels before 
and after Ingestion of Glucose by a Dog with Pylorus Ligated 
Weight of dog, 15.5 kilos. 


heat | Leg vein stomach vein 

mg. per cent mg. per cent 
10.15 a.m. 76, 76* | 
Amytal (900 mg.) intravenously, abdominal incision, py- 

lorus ligated 
0.30 89 
eee 150 cc. of solution containing 46.81 gm. glucose introduced 
hy stomach tube 

4 80, | 93, 95 
| 89, 101 
<n 85, 86 | 93, 92 
12.00 p.m. | 78, 75 | 87, 91 

| 01} 


+3 ie | Recovered from stomach 260 ce. fluid containing 46.49 gm. 
glucose, or 99.3 per cent of that ingested 


* Kach value represents a separate sample of blood. 
+ Blood sample drawn from lesser curvature. 
t Blood sample drawn from portal vein. 


Absorption Experiments 


Blood Sugar Studies—-The data of a typical experiment are 
presented in Table I. In this it may be noted that some speci- 
mens of the blood issuing from the stomach exhibited slightly 
higher content of sugar after glucose had been introduced into 
this organ. However, the variations recorded are approximately 
of the magnitude encountered when successive samples of blood 
are withdrawn and analyzed by the technique employed. And 
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the fact that 99.3 per cent of the ingested sugar was recovered at 
the termination of the experiment shows that the fluctuations 
observed have little significance as an indication of absorption 
from the stomach. 

Data upon the sugar content of the venous blood flowing from 
the stomach in three similar experiments are condensed into Table 
II. Here also the changes observed after the introduction of glu- 
cose are slight and very similar to those of a control experiment in 


TABLE II 
Sugar Content of Blood from Veins of Stomach during Absorption 
Experiment 
The pylorus was ligated before blood sampling commenced. 


Experiment No... Control 1 2 | 4 
Substance in- 
gested........... ' Sodium chloride | Glucose | Glucose Glucose 
Volume, ce........ 200 110 | 100 | 150 
Concentration, 
ataid......... | 3 | 9 | 15 3 


Before ingestion of solution 


min. mg. per cent | mg. per cent | mg. per cent | mg. per cent 
50 112, 114* | 110, 105 | 96, 99 
30 112,109 | 116, 111+ | 100 
10 108,115 | 117,116 | 105,105 | 100, 102 


After ingestion of solution 


20 118, 117 118,115 | 109,111 | 101, 97 
40 112, 110 114, 116 | 106,106 | 98, 100 
60 112 118,116 | 100,105 | 96, 97 


* Each value represents a separate specimen of blood. Sugar measured 
bv olin ferricyanide method. 
+ Pylorus ligated after this sample was obtained. 


which a hypertonic solution of sodium chloride was present in the 
stomach. 

In a different experiment (not recorded here in detail) glucose 
was introduced direetly into the small intestine. ‘Then speci- 
mens of blood were obtained in close succession from gastrie and 
splenic veins, as well as from veins at various levels of the intes- 
tine. ‘The concentrations of sugar found ranged between 202 and 
334 mg. per cent. In contrast with these last the relative insig- 
nificance of the slight fluctuations of the sugar content of the blood 
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drawn from gastric veins during the stomach absorption experi- 
ments isevident. In this connection we may express our suspicion 
that the mere handling necessary in obtaining samples of blood 
arising from intra-abdominal organs has a slight tendency to elevate 
their sugar content. It is doubtful whether this is obviated en- 
tirely by the use of amytal as the anesthetic. 

Recovery Hxperiments—Acceptance of the results of the experi- 
ments in the preceding group as complete proof for the non-ab- 
sorption of glucose from the stomach was restrained somewhat by 


TABLE III 


Recovery of Glucose from Stomachs of Dogs after Absorption Experiment 


(jlucose balance 


| Concen- | 
Total tration in | Total | Per cent of ingested 
solution 
hres. | Ag. | gm. percent gm, 
2 | @ | 96 | Se | | 
28 | 5.44 | 99.4 
ee | 8.0 980 | 65 | 9.89 | 100.9 
5 2 16.3 | 17.95 | 9.7 | .17.68 | 98.5 
6* 19.8 | 11.60 | 97.4 
7* 15 | 15.5 | 4.81 32.3 | 46.49 | 99.3 
S$ | 2 | 13.5 | 41.90 | 38.1 | 42.01 | 100.3 


* Amytal anesthesi:. 


the possibility that the general anesthetic employed may have 
hindered the absorption of glucose. Therefore we developed a 
procedure which permits absorption from the stomach to be studied 
without the complications of anesthetics or fistulas. The prin- 
ciples of this technique have been outlined in an earlier paragraph. 
The details necessary for its application have been presented in 
the report (22) describing the preliminary surgical operation in- 
volved. The quantitative data obtained with the aid of this 
procedure are now recorded in Table IIT. 
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DISCUSSION 


In examining the data presented above instances will have been 
noted where a slight increase in the total reducing substance of 
the blood issuing from the stomach during an absorption period 
was observed. In other experiments the recovery of sugar which 
had been placed within this organ was not always entirely abso- 
lute. Some may interpret these data to signify that very small 
amounts of glucose had been absorbed from the dog’s stomach. 
On the other hand the observations which were obtained upon the 
blood sugar within a period when there was opportunity for ab- 
sorption to take place do not lie clearly outside the range of the 
variations which occurred during control tests, or of the uncer- 
tainties involved in the methods of sampling and measurement 
employed. The same situation was encountered with the recov- 
ery experiments. If a transfer of glucose through the mucosa ac- 
tually does occur, then the two lines of experimental approach 
employed by us should have supplemented each other in disclosing, 
either the disappearance of the sugar from within the stomach, or 
its appearance in increased quantities in the blood flowing from 
this region. Neither procedure has yielded evidence that can be 
considered definite and positive proof for this passage. There- 
fore, the conclusion that absorption from this site does not really 
take place seems the more reasonable one especially since two 
mutually supplementary types of measurement have yielded re- 
sults which have been either entirely negative or of similarly 
doubtful positive significance. 

If there should be a disposition to interpret the data of Table ITI 
in the manner most favorable to the hypothesis that some absorp- 
tion of glucose from the stomach did take place, then the evidence 
contained in Table III would indicate a rate averaging 0.009 gm. 
per kilo per hour with 0.02 gm. asa maximum. (For Experiments 
3 to 8 the rates would be 0.017, 0, 0.008, 0.016, 0.016, and 0 re- 
spectively.) In contrast with the rate of 1 gm. per kilo per hour 
observed by us in the experiments (20) in which absorption occurs 
from the gastrointestinal tract functioning as a unit, even the maxi- 
mum of these possible contributions of the stomach alone is too 
small to be significant in the metabolism of the animal. 

In connection with both the blood sugar studies and the recovery 


292 Absorption of d-Glucose from Stomach 


experiments as well it may be noted that the concentration of the 
sugar solution as ingested was varied over a wide range from hypo- 
tonie to highly hypertonic strengths. Our data do not disclose 
that this factor had any effect in helping or hindering absorption 
from the stomach and are opposed to the older conception that 
concentrated solutions favor absorption at this site. 

Holtz and Schreiber ((3) p. 32) have observed (with x-ray) in- 
stances where no glucose left the stomach of a dog for as much as 
20 minutes after ingestion. Upon other occasions sugar flowed into 
the duodenum within 1 minute. Since the results of the present 
investigation demonstrate that the stomach of the dog does not 
participate in the absorption process as far as glucose is concerned, 
such irregularities make it apparent that the activity of the pylorus 
may have a decided influence upon rates of absorption (and also 
tolerance tests) obtained with this animal. Some of the varia- 
tions in the rates of absorption previously observed (20) by us 
inay have been due to this factor. It would have had the most 
favorable opportunity to produce a detectable effect in those ex- 
periments in which the period for absorption was the briefest. 
Actually the largest irregularities (0.74 to 1.33) in the rates of ab- 
sorption were observed during the experiments lasting only 1 hour. 

An investigation of the rate at which d-glucose is absorbed 
after it has been introduced directly into the intact intestine of 
unanesthetized animals has been made. A detailed report of the 
procedures employed and the results obtained will be published 
shortly. 


SUMMARY AND CONCLUSIONS - 


1. The sugar content of blood from the small veins of the 
stomachs of dogs, under amytal anesthesia and with the pylorus 
ligated, has been determined before and for several hours after 
the introduetion of d-glucose into this organ. The changes in 
sugar content which were observed under these circumstances 
were slight, irregular, and not definitely in excess of the probable 
errors of sampling and of measurement. 

2. For another series of absorption studies the pylorus was 
blocked from without by a procedure which avoided the complica- 
tions of fistulas or of general anesthesia. In six experiments the 
recovery of sugar 1 to 2 hours after its introduction into the stom- 
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ach averaged 99.3 + 1.2 per cent of the glucose ingested. In two 
control trials 99.05 + 0.21 per cent of this sugar was recovered 
immediately after its introduction had been completed. The 
quantities of glucose ingested ranged from 5 to 47 gm. ‘The con- 
centrations varied between 2.8 and 38 per cent. Under all these 
circumstances the recoveries were approximately the same. 

3. These results are interpreted as demonstrating that absorp- 
tion of glucose in significant quantities from the stomach of the 


dog does not take place. 

4. Therefore the activity of the pylorus in preventing or pro- 
moting outflow of liquid from the stomach may be responsible for 
many of the irregularities observed in measurements of absorption 
rates. Likewise this factor undoubtedly has an important bearing 
in tolerance tests, particularly in the production of the variations in 
the shape of the early portions of blood sugar curves. 


Addendum-—-Recently MacKay and Bergman (23) have expressed dis- 
agreement with some conclusions which have been published by us (20) 
with respect to the rate of absorption of glucose from the gastrointestinal 
tract of dogs. Their objection concerned the fact that the average dose 
per kilo was larger in our longer experiments and led them to remark: ‘‘It 
is probable that there was a falling off in the absorption rate in both the 2 
hour and 3 hour periods but that the increasing doses of glucose led to an 
apparently sustained average absorption rate.’’ The possibility that this 
factor might have possessed influence was not overlooked in the preparation 
of our previous report. The relation of the individual absorption rates 
to the corresponding doses per kilo was ascertained. It was not recorded 
in detail but was summarized in the statement ((20) p. 132), ‘‘If one cares 
to group the absorption rates recorded in relation . . . to the dosage per kilo 

. . it will be disclosed that the results obtained fluctuate independently 
of... these variables.’’ In addition to this we may now direct attention 
specifically to those experiments which conform most closely to the experi- 
mental conditions of MacKay and Bergman. In Experiments 1, 4, and 11, 
the factors of dosage per kilo and the concentrations in solution are approx- 
imately similar. The average rate for 1 hour was 0.95 gm. per kilo. Inthe 
2 hour experiment the rate per hour was 0.98 gm. per kilo. Experiments 
10, 14, and 13 comprise another group possessing similarity of conditions. 
In this group the rate per hour for the first 2 hours was 1.00 gm. per kilo and 
for the first 3 hours of absorption it averaged 1.02 gm. per kilo. For neither 
group does the comparison support a conclusion in harmony with the pre- 
diction of MacKay and Bergman. 

Since the former experiments were not specifically designed to test the 
point at issue the number which are relevant happen to be relatively small. 
However the present communication demonstrates that introduction of 


294 Absorption of d-Glucose from Stomach 


glucose into the stomach does not provide immediate opportunity for its 
absorption. The data of our earlier paper (20) show that the major portion 
of the recovered glucose was still within the stomach. The quantity pres- 
ent at the actual site of absorption (intestine) at the time of observation 
was never very large (average 3.3 gm.) and was fairly uniform in amount. 
All these facts indicate that increases in the quantity of glucose introduced 
into the stomach do not necessarily enlarge the supply of sugar actually 
available for absorption at a given moment. Consequently the variations 
in the doses used by us could not have influenced the absorption rates in 
the manner which MacKay and Bergman have suggested. 

Such data as are available for dogs show acloser correlation of absorption 
rates with units of weight than with units of surface area. This also is in 
contrast with the results reported for rats by MacKay and Bergman. 
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THE CYSTINE YIELDED BY DEAMINIZED CASEIN 


By ABRAHAM WHITE 


‘(From the Department of Physiological Chemistry, Yale University, 
New Haven) 


(Received for publication, September 22, 1933) 


Recent improvements in the quantitative methods for the de- 
termination of amino acids have stimulated further work concern- 
ing the nature of the chemical changes that occur when proteins 
are treated with nitrous acid. The study of deaminized casein 
by Wiley and Lewis (1) provided information regarding the yields 
of histidine, arginine, lysine, tyrosine, and tryptophane from 
deaminized casein; the distribution of nitrogen as determined by 
the Van Slyke procedure was also given. Steudel and Schumann 
(2) reported a somewhat similar though less detailed study but 
included data on the yield of cystine from their preparation. The 
German investigators used the Folin and Looney (3) method and 
report a 5-fold increase in the cystine of casein when this protein 
is sub’ected to the action of nitrous acid. In a later paper, 
Steudel and Wohinz (4) employed the superior method of Folin 
and Marenzi (5) and obtained a value twice that of the original 
easein. In order to explain these findings, it was postulated 
“dass durch die Wirkung der saltpetrigen Saiure die Bindung des 
Cystins im Kiweissmolekiil in irgendeiner jetzt noch nicht genauer 
zu definierenden Weise angegriffen wird”’ (4). 

The colorimetric method employed by Steudel and Wohinz was 
modified to permit its application to the highly colored hydroly- 
sates of deaminized casein; decolorization was accomplished by 
the use of lead acetate. The choice of a salt of a heavy metal for 
this purpose might be questioned in view of the oxidation of one- 
sixth of the cystine which is known to take place in the presence 
of silver (6), mercury, or copper (7, 8) salts, and which may also 
oecur with other metals. The chromogenic value of these oxida- 
tion products, and of other constituents of the protein molecule, 
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after reaction with nitrous acid is unknown and might influence 
profoundly any results obtained by a colorimetric method. 

A method which permits the quantitative precipitation of 
cystine from the hydrolysate of a protein has been described 
recently by Vickery and White (9).!. This method has now been 
applied to deaminized casein. ‘Two samples of casein were deami- 
nized; Casein A was a commercial product of the highest quality,” 
Casein B was made by the Hammarsten method in this laboratory. 
Samples of these preparations were deaminized according to the 
directions of Dunn and Lewis (10). The reactions proceeded 


TABLE I 
Cystine Yielded by Casein and by Deaminized Casein 
Cystine 
N content Amino N hake | 

ndividual | average 
per cent per cent per cent per cent 

Casein A 15.32 0.85 
| ().25 () 26 

15.41 0). 87 0.24 
0. 23 () 24 

Deaminized Casein A 13.88 0.00 0).27 

0.29 
0.26 Q 27 

B 13.94 0.00 0.23 

| 0.26 (). 26 


as described by the latter authors. The final products exhibited 
properties identical with the preparations of other workers; a Van 
Slyke amino nitrogen determination demonstrated the absence of 
free amino nitrogen. The values given in Table I for the yields 
of cystine are calculated on an ash- and moisture-free basis. 

The cystine values found for the two samples of casein are in 
good agreement with those already reported for similarly prepared 


1 The determination of sulfur by the Denis method as employed by Vick- 
ery and White is best accomplished in sillimanite dishes; the use of ordinary 
porcelain dishes has frequently led to erroneous results. 

2 This sample of casein was made available through the generosity of 
Dr. I. F. Harris of the Harris Laboratories. 
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specimens of this protein (9). The cystine yielded by the samples 
of deaminized casein was, within the limits of accuracy of the 
method, identical with that of the protein before treatment with 
nitrous acid. It is coneluded that the proportion of cystine 
yielded by casein is not affected by a preliminary treatment of this 
protein with nitrous acid under the conditions studied. 
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Given a substance of type H—C—(CH,),X, where n = 0 
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or any integer and Y any functional group, homologous series may 
be formed with respect to any of the groups R,;, Re, or (CHe).X. 
The changes in the rotations of consecutive members will be 
different in each of the homologous series. 

Regarding homologous series with respect to Re, there are on 
record a considerable number of observations. ‘Tschugaeff! points 
out that the values of optical rotation for consecutive members 
increase from member to member in a diminishing ratio until a 
constant maximum value is reached. Similar observations were 
made by Rupe.? Pickard and Kenyon’ have recorded in the case 
of the homologous series of secondary carbinols a certain peri- 
odicity in the changes of the numerical values of the rotations of 
consecutive members. The experience of this laboratory led to 
the conclusion that in homologous series the shift in the rotation 
of consecutive members is in the same direction. The values need 
not uniformly increase or uniformly decrease; on the contrary, in 


1 Tschugaeff, L., Ber. chem. Ges., 31, 360 (1898); Chem. Zentr., 1, 93 
(1905); Tr. Faraday Soc., 10, 70 (1914). 

2 Rupe, H., Ann. Chem., 409, 327 (1915). 

3 Pickard, R. H., and Kenyon, J., J. Chem. Soc., 99, 45 (1911); 103, 1957 
(1913); 105, 848, 2233 (1914). See also Levene, P. A., and Marker, R. E., 
J. Biol. Chem., 97, 380 (1932). 
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the case where the lower members rotate in the opposite direction 
from the higher, the values of the consecutive lower members will 
decrease when those of the higher increase. 

The changes in the homologous series with respeet to (CH2),,.X 
ure not quite so simple and from a theoretical view-point are more 
instructive, particularly with regard to the effect of the distance of 
a substituent from the asymmetric center on the direction and the 
value of its contribution to the total rotation of the substance and 
on its vicinal effect on the other substituents. Tschugaeff was 
the first to state that the effect of a certain group on the total rota- 
tion may disappear when it is removed at a considerable distance 
from the asymmetric center and Kuhn‘ stressed most emphatically 
the point that the group CH2X may become equivalent to CH; 
when removed to a sufficient distance from the asymmetric carbon 
atom. Thus the substance 


CH; 
H—C— 
(CH.) »CHs 


should then possess the same optical rotation as the hydrocarbon 


CH; 


| 
H—C—(CH,),iCH; 
| 


mCHg 


True, from the equality of the rotations of these 2 molecules, the 
equality of the contribution of (CH2),X and of (CHz2),.CH; 
(the number of carbon atoms being the same in both radicles) does 
not necessarily follow, inasmuch as the rotation of each molecule is 
the sum of several contributions. An answer to the question of 
the identity or non-identity of the contributions of these two 
groups respectively could be obtained from a study of the rotatory 
dispersion curves of the two substances. However, in the case of 
certain substances the question may be answered with a great 


* Kuhn, W., in Freudenberg, K., Stereochemie, Vienna, 404 ff. (1932). 
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degree of probability,even without a study of the dispersion curves, 
when they have the structure 


CH; 
| 
(CH2) n-i1C H3 


In this case, an equality of the two contributions requires, first, 
that the value of the rotation of the substance itself should be zero 
and, second, that the direction of the rotation of the subsequent 
substance 


CH; 
CH2X 
| 


and the higher members with respect to (CH»),CH, should be in 
a direction opposite to that of 


CH; 
| 
H—C—(CH.),.CH.X 


(CH:),iCHs 


and of the preceding members. From Table I it may be seen that 
such a condition seems to be attained when Y = OH and n = 3 or 
4 and when R» contains as many carbon atoms as the radicle 
(CHe), ,;CH2OH. In reality, the zero rotation of the substance is 
due tothe fact that the sum of the contributions of the substituents 
approaches zero; hence,on bromination they lead to optically active 
bromides. Undoubtedly, the rotation should become evident in 
2 suitable solvent, or perhaps at a different temperature, and surely 
aut lower wave-length. It is remarkable, however, that the mem- 
bers following that with the zero value rotate in a direction oppo- 
site from those that precede them. Thus, it seems to be true that 
the contribution of the group CH.OH, after a certain distance from 
the asymmetric center has been reached, approaches closely the 
value CH, (provided R, contains more than 2 earbon atoms), yet 
never actually becomes equal to it. 


| | 
| 
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For the substances in which X stands for one of the other 
functional groups given in Table I, a zero value has not yet been 
obtained. For the case when X represents —COOH, the rotation 


of the substance becomes small when n 


3 and it would be 


TABLE I—Mazimum Molecular Rotations in Members of Homglou 


(1) | (2) id 
CH; {[COOC2H; —22 9 | CH; coon —11.5) CH; —12.7 CHs 
| | COOH —104 | ,COOH —13 6 
H—C— <(CH; 0 H—C—CH (CHa 0 H—C—CHC Hx CHs —9 9 H—C—CH.CH.CECH 
OH +52) |OH 1 | 
(:Hs (COOH —18 0 C.Hs (Br 79, Cun, Br —38 8 CoHs Br 
Hs —27.5 CH: (COOC2Hs +07 CH; (COGCLH; —5 5 CH; 
COOH +3 6 COOH —69 CO 
CH, 0 | H-C CH: 499, H—C—CH-CH«CHs 0 | H-C—CH.CH.CYCH 
(OH +68 | CH +21 OH 
COOH —21.4 (n)CsH; Levo —21.3 (n)CsH; Br 
COOC:Hs —30.7 | CHs [COOGHs +29 CH; (COOC:H; —2.3 CHs CO 
‘COOH 461 | jc on CO. 
lon: |H—C—CHACHs 411.41 H—C—CH-CH# CHs +15) 
| +79 OH +4.0 OH 
(COOH —243 | (n)CiHs Br Levo (n)CsHo Br —16 8) (n)CiHe Br 
CH, CHs (COOC:H: +4 2 CHs [coon —05 CHs (as) 
COOH +481 COOH —19 CO 
0 | H—C—CHx CHa +12 5) H—C—CH.CHy CHs 4-2 4| H—C—CH:CH¢ «CH 
= | | OH Dextro OH +61 | ‘OH 
(nC COOH (n)CsHn (Br Levo (n)CsH ~14 7) (n)CsHu Br 
COOC:Hs --36 5 CH; {COOC2Hs 
| COOH 
CH; 0 | H—C—CHxCHs 
| OH +112] 
COOH -—273 | (n)C;His (Br Levo 


*The configurations are arbitrary in the sense that they are not correlated to those ofthe s 


expected to be vanishingly small when x = 4. In this connection it 
is interesting to note that the optical rotations of the acid and 


carbinol of the structure H—C—(CH,), X approached that of 


| 


the corresponding hydrocarbon after 7 reached the value 4. 
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In the case of the bromides thus far studied, there is no indica- 
tion that the value of the contribution of the group CH.Br is being 
lowered to that of CHs, although it is not excluded that, with the 

4 increase in the value of n far beyond the values given in Table I, 


CH; 


Series of the Type H—C—(CH:),X, Homogeneous* 


id (5) | (6) 

COOC:Hs —13.0 CHs (COOC:H; —13.7 CHs ‘COOC2Hs 

COOH | COOH -122 COOH 
—114 | CHs —12.5 H—C—CH:CH:CHCH:CHy CH; 

OH —119 | OH —12 0 | OH —12.5 

Br —21.9 CoH; Br —14 9 Br —14.0 

COOC:Hs —5 9 CH; ‘COOC?2Hs 

COOH —3.7 COOH 
oCHeCYCHs —-1.7 H—C—C Hes —24 

OH 0 | OH —17 

Br —14.5 —7.8 

COOC:Hs —2.8 ‘COOC2Hs 

COOH =1.7 | ‘COOH 

OH +0.7 | OH 0 

Br —83 | (n)CsHo Br —5.3 

COOC:Hs —17 CHs COOC2Hs 

COOH —0 6 COOH 
408 | CHs 0 

OH +2.6 OH +1.9 
‘Br —6 2 (n)CsHu Br —-4.0 


se ofthe secondary carbinols but they are all correlated among themselves. 


bromides may be obtained with vanishingly small rotations. In 
the case of chlorides, these conditions should be attained at values 
of n lower than those required for the bromides. 

IF'urther work along the present lines is in progress. 


EXPERIMENTAL 


4-Methyl Heptanol-1—A Grignard reagent was prepared from 
25 gm. of 1-bromo-3-methyl hexane, [M]? = —7.6° (homogene- 


[ 
R 
} 
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ous), and 3 gm. of magnesium in ether. ‘To this was added an 
excess of formaldehyde and the product was allowed to stand over- 
night. The Grignard reagent was decomposed in the usual way 
and the earbinol purified through the half phthalic ester. B.p. 
81° at 18mm. Yield6¢m. No rotation could be detected at 25° 
in yellow light. 

3.246 mg. substance: 8.834 mg. CO» and 3.965 mg. H.O 


CsH,,O. Calculated. C 73.8, H 13.9 
130.1 Found. wir, 


Levo-4-Methyl 1-Bromoheptane—6 gm. of 4-methyl-1-heptanol, 
[M]2® = 0° (from 1-bromo-3-methyl hexane, [M]? = — 7.6°), 
were cooled in ice and 20 gm. of phosphorus tribromide were 
added. The product was heated on a steam bath during 30 min- 
utes and then poured onto ice. The halide was purified in the 
usual way. B.p. 80° at15mm. Yield 5 gm. Whereas no rota- 
tion could be detected for the carbinol, this bromo compound had 
considerable optical activity. 

—2.90° 


= 


—2.7°; = —5.2° (homogeneous) 


Caleulated maximum (My; = —14.5° (homogeneous) 
3.230 mg. substance: 5.959 mg. CO» and 2.695 mg. H.O 
CsH,;Br. Calculated. C 49.7, H 8.9 
193.1 Found. 50.3, 9.3 


Dextro-Lthyl Ester of 3-Methyl Heptanoie Acid-7—20 gm. of 
3-methyl heptanoic acid-7, [MJ]?° = +3.56° (homogeneous), were 
dissolved in 50 ec. of absolute aleohol and 5 ee. of concentrated 
sulfurie acid were added. The product was heated on a steam 
bath during 30 minutes. The excess aleohol was distilled off and 
the ester extracted with ether. This was washed with sodium 
earbonate solution, dried with anhydrous sodium sulfate, and then 
fractionated. B.p. 95° at 25mm. Yield 20 gm. D 23/4 = 0.865. 


+2.10° 


1X0 865 +2 43°; = +4.18° (homogeneous) 


[al = 


Calculated maximum = +12.84° (homogeneous) 
3.090 mg. substance: 7.921 mg. CO, and 3.295 mg. H.O 
Calculated. C 69.7, H 11.7 
172.2 Found. 69.9, 11.9 
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Dextro-3-Methyl Heptanol-7—-20 gm. of ethyl ester of 3-methy] 
heptanoic acid-7, [M]° = +4.18° (homogeneous), were dissolved 
in 100 ce. of absolute ethyl aleohol, and this was slowly dropped 
into 2 suspension of 40 gm. of sodium in 150 ce. of toluene with 
vigorous stirring. ‘The carbinol was isolated in the usual way and 
then purified through its half phthalic ester. B.p. 87° at 20 mm. 
Yield 12 gm. 

+2.47° 


+2.99°; = +38.90° (homogeneous) 
825 


= 


Calculated maximum {[M]} = +12.0° (homogeneous) 
3.150 mg. substance: 8.5384 mg. CO. and 3.920 mg. H2O0 
C.H,,O. Calculated. C 73.8, H 13.9 
130.1 Found. BS 


Dextro-3-M ethyl 7-Bromoheptane-—10 gm. of 3-methyl heptanol- 
7, (MJ24 = +3.84° (homogeneous), were cooled in ice and 25 gm. 
of phosphorus tribromide were added. The product was heated 
on a steam bath during 30 minutes, cooled, and then poured onto 
ice. The halide was extracted with ether, purified in the usual 
way, and then distilled. B.p.86° at 14mm. Yield 11 gm. 


2.76° 
[al]; == 7 1107 = +2.49°; = +4 81° (homogeneous) 
Calculated maximum = +14.92° (homogeneous) 


4 214 mg. substance: 7.605 mg. CO». and 3.280 mg. H.O 
C;H,;Br. Caleulated. C 49.7, H 8.9 
193.1 Found. 


Dextro-Ethyl Ester of 3-Methyl Octanoic Acid-S— 20 gm. of 3- 
methyl octanoie acid-8, [M]?’ = 3.93° (homogeneous), were dis- 
solved in 50 ee. of absolute aleohol and 5 ce. of concentrated sulfuric 
acid were added. The product was heated on a steam ba h during 
30 minutes, the excess alcohol distilled off, and water added. The 
ester was extracted with ether, shaken with sodium carbonate 
solution, and then distilled. B.p. 110° at 25mm. Yield 21 gm. 
D 24/4 = 0.868. 


+2 .05° 
1 «K0.868 


= +2. 36°; = +4.40° (homogeneous) 


= 
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Calculated maximum [M]} = +13.66° (homogeneous) 
5.500 mg. substance: 14.305 mg. CO» and 5.970 mg. H2O 
CiiH»O2. Calculated. C 70.9, H 11.9 
186.2 Found. 


Dextro-3-M ethyl Octanol-S—20 gm. of ethyl ester of 3-methy] 
octanoic acid-8, [M]?4 = +4.36° (homogeneous), were dissolved 
in 100 ce. of absolute alcohol and this dropped into a suspension of 
40 gm. of sodium in 150 ce. of boiling toluene with rapid stirring. 
The carbinol was isolated and purified as previously described. 
B.p. 100° at 20mm. Yield12g¢m. D 24/4 = 0.828. 

+2 30° 


= +2.78°; [Mp = +4.00° (homogeneous) 


Calculated maximum [M]? = +12.5° (homogeneous) 


3.850 mg. substance: 10.470 mg. CO, and 4.730 mg. H.O 
C.H2.0. Calculated. C 74.9, 14.0 
144.2 Found. 74.2, 13.8 


Dextro-3-M ethyl S-Bromooctane—12 gm. of 3-methy! octanol-8, 
(MJ?4 = +4.0° (homogeneous), were cooled in ice and 25 gm. of 
phosphorus tribromide were added. Vhe product was heated on 
a steam bath during 30 minutes and then poured onto ice. The 
halide was extracted and purified as previously described. Yield 
l4gm. B.p.101° at 14mm. D 24/4 = 1.086. 

+2 .35° 


laly = 1.086 = +2.16°; = +4.48° (homogeneous) 


Calculated maximum = +13.96° (homogeneous) 
3.501 mg. substance: 6.704 mg. CO, and 3.040 mg. H-O 
CoHiBr. Calculated. C 52.2, H 9.3 
207 .1 Found. 


Levo-Ethyl Ester of 2-Propyl Caproice Acid-6—A0 gm. of 2-propyl 


caproic acid-6, [M]|* = —0.76° (homogeneous), were dissolved 


in 100 ec. of absolute ethyl alcohol and 5 ee. of concentrated sul- 
furic acid were added. ‘The product was heated on a steam bath 
during 30 minutes, the excess alcoho! distilled off, and water added. 
The ester was extracted with ether, shaken with sodium carbonate 
solution, and then distilled. B.p. 112° at 30 mm. Yield 40 gm. 
D 22/4 = 0.865. 


| 
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—0.56° 
1 X 0.865 


= —0.65°; [M]> = —1.21° (homogeneous) 


= 


Calculated maximum [M]p = —5.9° (homogeneous) 
3.406 mg. substance: 8.769 mg. CO2 and 3 635 mg. H,.O 
Calculated. C 70.9, H 11.9 
186.2 Found. 


Levo-2-Propyl Hexanol-6—40 gm. of the ethyl ester of 2-propy] 
caproie acid-6, [M]** = —1.21° (homogeneous), were dissolved 
in 200 ce. of absolute alcohol and this dropped into a suspension of 
80 gm. of sodium in 450 cc. of boiling toluene with stirring. The 
carbinol was isolated and purified as previously described. B.p. 
110° at 25mm. Yield28em. D 24/4 = 0.828. 


—(.42° 
fa], = 2X 0.828 = —0.25°; [M]>} = —0.37° (homogeneous) 
Calculated maximum [M]}! = —1.72° (homogeneous) 


3.206 mg. substance: 8.735 mg. CO. and 3.910 mg. H,O 
C.H2.O. Calculated. C 74.9, H 14.0 
144.2 Found. 


Levo-2-Propyl 6-Bromohexane—20 gm. of 2-propyl hexanol-6, 
[M74 = —0.36° (homogeneous), were cooled in ice and 50 gm. of 
phosphorus tribromide were added. ‘The mixture was heated 
on a steam bath during 30 minutes and then poured onto ice. The 
halide was extracted with ether, the ether distilled off, and the 
residue purified by treatment with sulfuric acid. B.p. 95° at 12 
mm. Yield 22g¢m. D 25/4 = 1.082. 

—0.80° 


[a]> = I> 1.082 = —0.74°; [M]J> = —1.53° (homogeneous) 


Calculated maximum = —7.78° 
4,221 mg. substance: 7.994 mg. CO, and 3.380 mg. 

C;H;,Br. Calculated. C 52.2, H 9.3 


Levo-Ethyl Ester of 2-Butyl Caproic Acid-6—20 gm. of 2-butyl 
caproic acid-6, [M]” = —0.86° (homogeneous), were dissolved in 
50 ce. of absolute aleohol and 5 ec. of concentrated sulfurie acid 
were added. The product was heated on a steam bath during 30 
minutes, and then the excess aleohol was distilled off and the ester 


| 
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isolated in the usual manner. B.p. 125° at 25mm. _ Yield 20 gm. 
D 24/4 = 0.862. 


~1.25° 
= 73°; [M]p = —1.45° (homogeneous 
2x 0 862 


= 


Calculated maximum [MJ]; = —2.84° (homogeneous) 
2 S82 mg. substance: 7.579 mg. CO. and 3.175 mg. H.O 
C,.H.,0.. Caleulated. C 71.9, H 12.1 
200.2 Found. 


2-Butyl Hexanol-— AO gm. of ethyl ester of 2-butyl caproic 
acid-6, [Mj 74 = —1.42°, were dissolved in 200 cc. of absolute alco- 
hol and this dropped into a suspension of 80 gm. of sodium in 400 
ec. of toluene with stirring. The carbinol was isolated and purified 
as usual. Bp. 125° at 25mm. Yield 28 gm. D 24/4 = 0.831. 
No measurable rotation could be detected on the earbinol at 25° 
in yellow light. 

3.506 mg. substance: 9.731 mg. CO» and 4.600 mg. H.O 


Calculated. C 75.9, H 14.0 


Levo-2-Butyl 6-Bromohexane-~20 em, of 2-buty! hexanol-6 (from 
ethylesterof2-butyl eaproic acid-6, M] 24 = — 1.42°, homogeneous), 
were cooled in ice and 50 gm. of phosphorus tribromide were added. 
The mixture was heated on a steam bath and then poured onto ice. 
The halide was extracted with ether and purified as previously 
described. B.p.112° at 12mm. Yield 2lgm. 25 4 = 1.062. 


—] 29 

= ———— = —1.21°; [M]®? = —2.69° (homogeneous 

Calculated maximum = —5.29° (homogeneous) 


5.626 mg. substance: 11.225 mg. CO. and 4.700 mg. H.O 
Br. Calculated. C 54.3, H 9.6 
221.1 Found. 54.4, 9.4 


Levo-kthyl Ester of 2-Amyl Caproic Acid-G—20 gem. of 2-amyl 
eaproic acid-6, [M]*° = —0.33° (homogeneous), were dissolved in 
90 ee. of absolute aleohol and 3 ee. of concentrated sulfuric acid 
were added. The product was heated on a steam bath during 30 
minutes and then isolated and purified. B.p. 140° at 25 mm. 
Yield 21 em. = 0.864. 
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—().74° 
= 864 = —0.43°; = —0.92° (homogeneous) 
Calculated maximum [M], = —1.69° (homogeneous) 


3.921 mg. substance: 10.475 mg. CO» and 4.341 mg. H.O 
Calculated. C 72.8, H 12.2 
214.2 Found. 


Dextro-2-Amyl Hexanol-G--20 gm. of ethyl ester of 2-amy!] 
caproie acid-6, [M|?* = —0.94° (homogeneous), were dissolved in 
100 ee. of absolute alcohol and this slowly dropped into a suspen- 
sion of 40 gm. of sodium in 200 ec. of boiling toluene with stirring. 
The earbinol was isolated and purified as previously described. 
B.p. 140° at 25mm. Yield 15gm. D 24/4 = 0.840. 


+1.00° 
2 X 0.840 


= +0.60°; [M]p = +1.03° (homogeneous) 


[alp = 


Calculated maximum [M]} = +1.85° (homogeneous) 
3.790 mg. substance: 10.545 mg. CO» and 4.640 mg. H2O 
Calculated. C 76.7, H 14.1 
172.2 Found. 38:7 


Levo-2-Amyl 6-Bromoherane—20 em. of 2-amyl hexanol-6, 
[Mj] 24 = +1.03° (homogeneous), were cooled in ice and 50 gm. 
of phosphorus tribromide were added. The product was heated 
on a steam bath during 30 minutes, poured onto ice, and isolated 
and purified as usual. B.p. 124° at 12 mm. Yield 23 gm. D 
25/4 = 1.044. 


—0.84° 


[a], = —0.80°; = —1.89° (homogeneous) 
Calculated maximum [M]; = —4.02° (homogeneous) 


4.350 mg. substance: 9.045 mg. CO, and 3.900 mg. H2O 
Caleulated. C 56.2, H 9.9 
935.1 Found. 


SEDIMENTATION CONSTANTS, MOLECULAR WEIGHTS, 
AND ISOELECTRIC POINTS OF THE RESPIRATORY 
PROTEINS 


By THE SVEDBERG 


(From the Laboratory of Physical Chemistry, University of Upsala, 
Upsala, Sweden) 


(Received for publication, July 3, 1933) 


The blood of a number of animal groups possesses the faculty 
of taking up oxygen, when exposed to a high partial pressure of 
this gas, and giving it up to the surroundings at lower oxygen 
concentrations. This important physiological réle is played by 
certain pigments, the respiratory proteins, dissolved in the blood 
or transported by it packed in blood corpuscles (1). An ultra- 
centrifugal study of the blood pigments throughout the animal 
kingdom has proved that these proteins are exceedingly homogene- 
ous and well defined with regard to molecular weight (2). Not 
only their mass but also their chemical composition as revealed by 
the electrophoretic behavior shows unusual distinctness (3). 

The detailed study of the different kinds of respiratory proteins 
is therefore of great interest not only from a physiological but also 
from a physicochemical point of view. The present paper reports 
some recent work on respiratory proteins done in the writer’s 
laboratory. Three different properties have been studied: the 
sedimentation constant as derived from the measurement of the 
rate of settling of the molecules in strong centrifugal fields, the 
molecular weight as calculated from sedimentation equilibrium 
determinations in centrifugal fields of medium strength, and the 
isoelectric point as measured by means of the migration of the 
molecules in electric fields. 

The technique for the determination of sedimentation constant 
and molecular weight has been described elsewhere (4). A small 
quantity of solution (0.1 to 0.8 ec.) enclosed in a sector-shaped 
cell with quartz windows is exposed to the influence of a strong 
field of force in a special centrifugal instrument (the ultracentri- 
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fuge) and the concentration gradient determined by taking photo- 
graphs of the solution during centrifuging. ‘The pictures are then 
registered by means of a microphotometer and the curves obtained 
are used for the calculations. 

If the field of force is very strong, the rate of settling, dx/dt, can 
be measured and: from this the sedimentation constant, see, 
defined as the velocity of sedimentation in a field of unit strength 
reduced to water of 20° .as solvent, can be calculated. 

We have 


899° = (1 — Vpo)/(1 — Vp) 


where » = angular velocity 
x = distance from the center of rotation 
n = viscosity of the solvent 
no = a ‘* water at 20° 
\) = partial specific volume of the solute 
p = density of solvent 
pv = water at 20° 


The quantity soe is a constant which is characteristic of the 
molecular species studied. It is a function of the mass and shape 
of the molecule. 

If the centrifugal force is adjusted so. as to produce only a very 
slow rate of settling of the molecules, a measurable state of equi- 
librium between sedimentation and diffusion is reached after pro- 
longed centrifuging at constant temperature. The molecular 
weight is then given by the formula 


2RT In (e2/c;) 


M 


where /? = gas constant, 7’ = absolute temperature, c. and c, = 
concentrations at the distances 2. and x, from the center of 
rotation. 

An improved technique for the electrophoretic determination 
of the isoelectric points of the proteins has been worked out in this 
laboratory (5). The measurements of the movement of the 
boundary are made by photographing the solution and by expo- 
sure to a microphotometer, just as in the case of the sedimentation 
determinations in the ultracentrifuge. 

Besides the light absorption at about 275 my, common to all 
proteins, the respiratory pigments possesss characteristic absorp- 
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tion bands in the long wave ultra-violet or in the visible part of 
the spectrum. If a suitable wave-length is chosen for the deter- 
mination of the concentration gradient, it is therefore always 
possible to study the sedimentation of the molecules of a respira- 
tory protein in centrifugal fields or their migration in electric 
fields undisturbed by the presence of other blood proteins. This 
is of vital importance because of the difficulty of obtaining blood 
quantities large enough for chemical separation of the various 
proteins in the case of a great many invertebrates. The faet that 
a sample of blood can be studied in the ultracentrifuge directly 
after being drawn and diluted with a suitable salt solution with- 
out any other treatment, obviously eliminates serious chance 
of error, especially in the ease of the more unstable pigments. — If 
respiratory proteins of more than one molecular weight are pres- 
ent in the blood, the ultracentrifugal methods enable us to earry 
out an analysis of the different molecular species. 

Four types of respiratory proteins from the blood of inverte- 
brates are known: a red pigment (for which the name erythroeru- 
orin has been proposed (6), a green pigment (chloroeruorin), a 
blue pigment (hemocyanin), and a pigment of reddish brown color 
(hemerythrin). On the last type, only a few preliminary deter- 
minations have been made. From the blood of the higher verte- 
brates only one type of red pigment (hemoglobin) is known. In 
the blood of the lowest class of vertebrates, the Cyclostomata, we 
have found a red pigment resembling that contained in the eryth- 
rocytes of the eapitellid worms. 

Sedimentation constants have been determined on samples of 
blood from a great many different species representing most of the 
animal groups which possess respiratory blood proteins.! Molee- 
ular weights and regions of pH stability have so far been meas- 
ured only in a few typieal eases. Determinations of isoelectric 
points have been earried out on blood proteins from polychzete 
and oligochzete worms, crustaceans, gastropods, cephalopods, and 
a few vertebrates.® 


The determinations of sedimentation constants have been carried out 
by Mrs. Astrid Hedenius. 

* Recent work on pH stability curves and molecular weight determina- 
tions from equilibrium runs has been done by Miss Inga-Britta Eriksson. 

* The electrophoretic measurements have been carried out by Dr. Kk. O. 
Pedersen. 
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For the ultracentrifugal measurements the blood samples have 
as a rule been diluted from 4 to 30 times with 1 per cent NaCl 
solution in order to avoid retardation of the sedimentation by too 
high a protein concentration. In some eases buffer solutions have 


Fic. lla hia. 1, 
hig. 1, aanp 6.) Sedimentation pictures (a) and photometer curves (b) 
of a mixture of Nerers and Sabella blood; centrifugal foree 75,000 times 
gravity (32,000 R.p.M.); time between exposures 5 minutes. The fact that 
only one boundary is visible shows that their respiratory proteins, eryvthro- 
eruorin and chlorocruorin, are identical with regard to sedimentation 
constant. 


— 


+ - 


Fic. 2, a Fic. 2, 6 
Fic. 2,a anp Sedimentation pictures (a) and photometer curves 
of a mixture of Sepia and Octopus blood; centrifugal force 78,000 times 
gravity (33,000 R.p.M.); time between exposures 5 minutes. The fact that 
the boundary is double shows that their respiratory pigments, which are 
both of the hemocyanin type, have different sedimentation constants, 1/2. 
51.1 and 57.1 & 107%. 


been used. The blood of most of the invertebrates contains re- 
spiratory proteins of high molecular weight and low diffusion. 
The sedimentation boundaries are therefore very sharp and even 
small differences between the sedimentation constants of two 
blood pigments can be detected if the proteins in question are 
centrifuged when mixed in about equal proportions. This 


| 
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“mixture test’? has been applied to all blood proteins of high 
molecular weight. [f only one boundary shows up, the sedimen- 
tation constants are taken as identieal. The limit of error is 


about +2 per cent. 


_f 
Lig | #8 
| 
| 
Fia. 3, a Fic. 3, 5 


hic. 3,aanpd 6, Sedimentation pictures (@) and photometer curves (b) of 
a mixture of Planorbis and Helix blood; centrifugal force 53,000 times 
gravity (27,000 k.p.M.); time between exposures 5 minutes. In this case two 
boundaries are visible wide apart because of the great difference between 
the sedimentation constants, which are 34.1 and 99.8 & 107! respectively. 


-——4 


ria. 4, a Kia. 4, 6 
hic. 4, a Sedimentation pictures (a) and photometer curves (6) 
of the red pigment from the blood corpuscles of Notomastus; centrifugal 
force 175,000 times gravity (49,000 R.p.M.); time between exposures 15 min- 
utes. The boundary is blurred because of the rapid diffusion of these com- 
paratively small molecules (sedimentation constant 2.0 *« 10715). 


In Fig. la and 6, are reproduced the sedimentation pictures and 
photometer curves from an ultracentrifugal run with a mixture of 
Nereis and Sabella blood. The boundary is single and therefore 
the sedimentation constants are identical (57.1 & 10°") in spite 
of the fact that the erythroecruorin of Nere/s and the chloroeruorin 
of Sabella are chemically different proteins. Vig. 2,a and |, 
shows the double boundary of a mixture of Sepia and Octopus 


| 
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blood. Here the sedimentation constants are distinetly different 
(51.1 and 57.1 & 107") although the respiratory protein is in both 
eases a hemocyanin. Fig. 3,a and b, finally, gives the pictures of 
the sedimentation of a mixture of two respiratory proteins of 
widely different constants; v/z., the erythrocruorin of Planorbis 
and the hemoeyanin of /Telzx. 

In the few cases in which the sedimentation constant is low, the 
mixture test cannot be applied because of the rapid diffusion of 
the sedimenting molecules during centrifuging. Tig. 4,a and 6, 
shows the pictures from an ultracentrifugal run with the red 
respiratory protein contained in the blood corpuscles of Noto- 
mastus (sx = 2.0 K 107%). The blurring of the boundary is 
quite pronounced, although the time between exposures is not 
more than 15 minutes. 

The light absorption in the visible part of the spectrum is due 
to the active group and therefore is almost identical for respiratory 
proteins possessing the same active group. This has been con- 
clusively proved by earlier investigators. During the present 
work, however, we noticed that the hemocyanin from Paludina 
differed in color from the ordinary hemocyanin from //eliz. The 
light absorption was therefore measured and «a marked shift in 
the position of the maximum, viz. from » 550 my for the /Telix 
hemocyanin to » 600 mu for the Paludina hemoeyanin, was found. 

In Table I the main data from the determinations of sedimenta- 
tion constants are given. In eases where the mixture test showed 
identity of sedimentation constants, the mean value from all the 
determinations of the type of sedimentation constant in question 
has been used for all the species possessing this constant. 

The following conclusions may be drawn from Table I. Respir- 
atory proteins contained in blood corpuscles have low sedimenta- 
tion constants and therefore low molecular weights. Hemo- 
globin characterized by the sedimentation constant 4.4 K 10°", 
the high isoeleetrie point (pH 6.9), and the hemin group only 
occurs in the higher classes of the vertebrates; v7z., Mammalia, 
Aves, Reptilia, Amphibia, Pisces. The blood corpuscles of the 
lowest class of the vertebrates, Cyelostomata, as well as the blood 
corpuscles of the capitellid worms (Notomastus) have a respiratory 
protein of « much lower sedimentation constant (2.0 to 2.3). 
The glveeride worms (Glycera) have a corpuscle protein sedimen- 


| 
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TABLE I 
Sedimentation Constants of Respiratory Proteins 
| Type of respiratory protein | Swe X 1013 
Chetopoda, Polycheta | 
Nereis virens | Erythrocruorin dissolved in 57.1 
| plasma 
Lumbrinereis fragilis | 57.1 
Arenicola marina ! 57.1 
Eumenia crassa 57.1 
Pectinaria belgica 57.1 
Polymnia nebulosa 57.1 
Sabella penicillus Chlorocruorin dissolved in 57.1 
plasma 
Serpula vermicularis = 57.1 
Glycera goési Erythrocruorin in corpuscles 3.5 
Notomastus latericius 2.1 
Chetopoda, Hirudinea 
Hirudo medicinalis " dissolved in 57.1 
plasma 
Hxemopis sanguisuga 57.1 
Chetopoda, Oligocheta 
Lumbricus terrestris 60.8 
Crustacea, Phyllopoda 
Daphnia pulex 16.9 
Crustacea, Malacostraca 
Palxmon fabrici Hemocyanin§ dissolved 16.9 
plasma 
Pandalus borealis 16.9 
Palinurus vulgaris 16.9 
Eupagurus bernhardus 16.9 
Pagurus striatus 16.9 
Nephrops norvegicus 23.4 
Homarus vulgaris 23.4 
Astacus fluviatilis 23.4 
Hyas araneus 23.4 
Maja squinado 23.4 
Cancer pagurus 23.4 
Carcinus manas 23.4 
Squilla mantis = 23.4 
Calocaris macandre be 34.1 
Arachnomorpha, Xiphosura 
Limulus polyphemus* 35.7 
Arachnomorpha, Scorpionidea 
Euscorpius carpathicus 34.1 
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TABLE I—Continued 
Type of respiratory protein 82° X 104 
Eutracheata, Diptera 
Chironomus plumosus Erythrocruorin dissolved in 2.0 
plasma 
Amphineura, Placophora 
Tonicella marmorea Hemocyanin dissolved in 60.8 
plasma 
Conchifera, Gastropoda 
Planorbis corneus Erythrocruorin dissolved in 34.1 
plasma 
umbilicatus 6 34.1 
Paludina vivipara Hemocyanin’§ dissolved in 99.8 
plasma 
contecta 99.8 
Litiorina littorea 99.8 
Buccinum undatum 99.8 
Neptunea antiqua 99.8 
Limnea stagnalis 99.8 
Achatina fulva | 99.8 
Helix pomatia | 99.8 
 nemoralis | 99.8 
Limax maximus “4 99.8 
Agriolimax agrestis 99.8 
Arion empiricorum 99 8 
60.8 
Conchifera, Cephalopoda 
Decapoda 
Loligo vulgaris 57.1 
Septola oweniana 57.1 
Rossia macrosoma 57.1 
Sepia officinalis 57.1 
Octopoda 
Octopus vulgaris 51.1 
Eledone cirrosa 51.1 
Vertebrata, Cyclostomata 
Myzine glutinosa Erythrocruorin in corpuscles 2.3 
Vertebrata, Pisces 
Raja clavata Hb in corpuscles 4.4 
Esox lucius 4.4 
Lucioperca sandra 4.4 
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TABLE I—Concluded 


Type of respiratory protein 82° KX 1018 

Vertebrata, Amphibia 

Rana temporaria Hb in corpuscles 4.4 
Vertebrata, Reptilia 

Chrysemys picta 4.4 
Vertebrata, Aves 

Columba livia 4.4 
Vertebrata, Mammalia 

Equus caballus 4.4 


* Svedberg, T., and Heyroth, F. F., 7. Am. Chem. Soc., 61, 539 (1929). 


tation constant of 3.5 X 10-8. Respiratory proteins dissolved in 
the blood have, as a rule, high sedimentation constants and there- 
fore high molecular weights. The only exception is the blood 
pigment of the Chironomus larve, which has a sedimentation 
constant identical with that of the Cyclostomata and the capitellid 
worms. 

Within a well defined animal group all the species have, as a 
rule, the same sedimentation constant. All the polychete and 
hirudine worms with the respiratory protein dissolved in the blood 
have the constant 57.1 * 10-*%. Some of these proteins are red 
(erythrocruorin), others are green (chlorocruorin). The oligo- 
chete worms have a constant of 60.8 K 107, very close to that 
of the other worms. Some of the crustacean families show the 
sedimentation constant of 16.9 X 10~* (hemocyanin and erythro- 
cruorin), others 23.4 K 107, and one of them (Calocaris) 34.1 X 
107%, The xiphosurans (Limulus) and the scorpions (Huscor- 
pius) have probably the same constant, v7z. 35.7 and 34.1 XK 107% 
respectively. In this case the mixture test has not yet been made. 
All the gastropods except Planorbis have the same constant, 
99.8 X 107%. 

It is obvious from these regularities that biological kinship is 
usually accompanied by identity in the sedimentation constant. 
On the other hand, the number of different sedimentation con- 
stants observed is so small that the same constant must with 
necessity occur in more than one animal elass and in respiratory 
proteins containing different active groups. It seems that only a 
few molecular masses are stable and that it would depend upon 
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the composition of the molecules with regard to various amino acids 
whether one or the other possibility is realized. The constancy 
of the molecular weight within a certain animal group would then 
be a measure of the similarity of certain chemical processes leading 
to the formation of the respiratory protein. 


TABLE II 


Sedimentation Constants and Molecular Weights of Respiratory Proteins 


| 
Molecular weight 
No. of 
Fe atoms | No.of |———— 
thro- iChloro-| H cule in re | 34,5 | from _ rom No. 0 rom 
cruorin, eruorin |eyanin | Pigments | 
measurement Fe atoms molecule 
99.8 144 5,100,000 4,970,000 | 4,800,000 
57 | 144 72 2,750,000 2,480,000 2,250,000 
61.1 | 2,000 ,000 1,820, 000 
34.1 34.1 | 72 36° (1,310,000 1,240,000 1,020,000 
| 23.4 | 36 IS 620 ,000 581,000 
16.9 | | 16.9 18 9 360,000 310,000 357 , 000 
11.5* | | | 12 | 6 208,000 207,000 220 ,000 
6.8" § 138,000 94,000 
4 2 | 68,000 69,000 48,000 
3.5 | 2 1 34,500, 34,500 34,500 
2.1 25,0009 17 , 250 16, 100 


* Only as dissociation product; sedimentation constant not accurately 
known. 

+ Preliminary values only. 

} From determination on other proteins with the same sedimentation 
constant (e.g. phycoerythrin). 

§ Not determined. 

, From determination on ovalbumin which has the same sedimentation 
constant. 

© Values from 17,300 to 33,000, indicating a mixture of units of } 
34,500 and 34,500. 


Table II gives the molecular weights corresponding to the 
observed sedimentation constants as determined by means of 
equilibrium measurements, together with the values calculated 
from the sedimentation constants on the assumption that the 
molecules are spherical. The regularities in the molecular weights 
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suggest certain simple relationships and Table IT also contains the 
values computed on the basis of such a rule. 

The number of iron atoms per molecule has been calculated on 
the assumption that the iron content is equal for all the proteins 
containing hemin and that the molecular weights are simple mul- 
tiples of 34,500. The remarkable agreement between the observed 
and caleulated values makes this hypothesis highly probable.‘ 
Some observations concerning the dissociation of the respiratory 
proteins at the borders of the pH stability regions further strengthen 
the assumption about simple multiples. It has been found that 
the hemocyanin with the constant 99.8 at the alkaline border 
dissociates in two components of constants about 60 and 17; that 
is, in fragments 3} and ,); of the weight of the original molecule (8). 
The erythrocruorin with the constant 57.1 gives at the alkaline 
border fragments of constant 12, or .'; of the weight of the original 
molecule. The erythrocruorin of constant 34.1 dissociates at the 
acid end of the stability range into fragments with the constants 
around 23, 17, 12, and 7, corresponding to molecular weights 3, 
1 i, and ,', of the stable molecule (9). The hemocyanin with the 
constant 23.4 is split up into 3 molecules of constant 16.9 and § 
molecules of about constant 7. The molecules 60.8 and 57.1 have 
probably the same weight but different shapes. The molecule 2.1 
is at least in the case of Myaine a mixture of 34,500 and 3 X 34,500. 
For myoglobin, Theorell (7) found a slightly higher sedimentation 
constant and the molecular weight 34,500. Miss Laura Krejei 
(10) obtained a similar result for gliadin. The data of Table II 
further show that with increasing molecular weight the deviations 
from the spherical shape become more and more scarce. 

The scheme of simple multiples for the molecular weights of the 
respiratory proteins outlined above may seem rather fantastic and 
the writer has hesitated somewhat to advance this view. It is, 
however, supported by previous ultracentrifugal determinations 
on other native proteins. One gets the impression that the pro- 
tein molecules are built up by successive aggregations of definite 
units. It seems that the higher the molecular weight, the fewer 
are the possibilities of stable aggregation. The steps between the 


4 According to determinations by Theorell (7) the iron content of myo- 
globin, the red respiratory protein of the mammalian muscle, is identical 
with that of hemoglobin. 
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molecular weights, therefore, become larger and larger as the 
weight increases. I¢specially the gap from 2,500,000 to 5,000,000 
is very striking. No protein molecule has so far been found in this 


large interval. 


TABLE II 


Isoelectric Points of Respiratory Proteins and Slopes of Mobility-pH 


Curves at Isoelectric Point 


Chetopoda, Polycheta 
Nereis virens 


Arenicola marina 
Chetopoda, Hirudines 
Hzwemopis sanguisuga 
Chetopoda, Oligocheta 
Lumbricus terrestris 
Crustacea, Malacostraca 
Homarus vulgaris 


Astacus fluviatilis 

Cancer pagurus 
Conchifera, Gastropoda 

Planorbis corneus 


Paludina vivipara 


contecta 
Littorina littorea 
Buccinum undatum 
Achatina fulva 
Helix pomatia 

nemoralis 
 hortensis 
arbustorum 
Conchifera, Cephalopoda 
Eledone cirrosa 
Vertebrata, Aves 
Columba livia 
Vertebrata, Mammalia 
Equus caballus 


“ec 


i 


Iso- 


Slope of 


Type of protein electric |mobility- 
point curve 
Erythrocruorin dissolved in} 5.10 9.5 
plasma 
4.56 16 
5.01 | 20 
3.28 12.6 
Hemocyanin dissolved in | 4.95 | 18 
plasma 
4.93 | 12.1 
465 16 
| Erythrocruorin dissolved | 4.77 | 10.6 
in plasma 
Hemocyanin dissolved in| 4.71 | 10.8 
plasma 
4.63 | 11.4 
4.34 | 12.8 
4.61 | 13.7 
5.03 7.8 
5.05 8.1 
4.63 | 11.4 
4.57 | 12.1 
5.50 7.6 
‘ se 4.6 
HbCO in corpuscles 7.23 
HbO, “ 6.92 7.2 
HbCO “ 6.92 7.2 
Methemoglobin in cor- | 7.04 6.7 


puscles 


| 
| | 
| | | 
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The determinations of the isoelectric points of respiratory pro- 
teins carried out in this laboratory (2) together with the slope of 
the mobility-pH curve (du/dpH X 10°) at the isoelectric point 
are summarized in Table III. 

The measurements given in Table III show that the isoelectric 
points of the blood pigments of the invertebrates are all very low 
compared with the isoelectric point of hemoglobin, the respiratory 
protein of the vertebrates. Further relationships with regard to 
various animal groups cannot be traced from the data so far avail- 
able. It is of great interest, however, to notice that the isoelectric 
point varies from species to species. Even such nearly related 
forms as Paludina vivipara and Paludina contecta have different 
isoelectric points. For a genus such as feliz, containing several 
subgenera, the isoelectric points lie closer together within a sub- 
genus. Thus Helix nemoralis and Helix hortensis, belonging to 
the subgenus Tachea, possess the isoelectric points 4.63 and 4.57 
respectively, while Helix pomatia of the subgenus Helicogena has 
its isoelectric point at pH 5.05 and Helix arbustorum of the sub- 
genus Arionta at pH 5.50. The situation of the isoelectric point 
is therefore to a certain degree a measure of the kinship. 

The above cataphoretic determinations, although not very 
numerous, show conclusively that the chemical composition of the 
blood pigments as revealed by the position of the isoelectric point 
is constant for each species but varies from one species to the other. 
The sedimentation constant and the molecular weight may be 
used as group characteristics, the isoelectric points as a species 
characteristic. It is hoped that further studies along these lines 
will bring to light regularities which may help us to understand 
more thoroughly the peculiarities of the respiratory proteins. 


The expenses connected with this investigation have been 
defrayed by grants from the Rockefeller Foundation, the Nobel 
Foundation, and the Foundation Therese och Johan Anderssons 
Minne. 

Various persons and institutions have rendered great help in 
supplying material necessary for the work. The writer wants 
especially to express his thanks to Professor 8S. Ekman and Dr. I. 
Arwidsson, Upsala, to Professor R. Dohrn and Dr. L. Califano of 
the Zoological Station ‘at Naples, and to Professor E. Lénnberg 
and Dr. G. Gustafsson of the Zoological Station at Kristineberg, 
Sweden. 
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SUMMARY 


1. A systematic study of the sedimentation constants and 
molecular weights of the respiratory proteins throughout the 
animal kingdom has been carried out by means of the ultracen- 
trifugal method. The isoelectric points of a number of these 
proteins have been determined by means of an improved electro- 
phoretie method. 

2. Respiratory proteins contained in blood corpuscles have low 
sedimentation constants and comparatively low molecular weights. 
Hemoglobin only occurs in the higher classes of the vertebrates. 
The corpuscle pigment of the lowest vertebrate, Wyaine, has a 
lower sedimentation constant and lower molecular weight than the 
hemoglobin of the higher vertebrates. 

3. Respiratory proteins dissolved in the blood plasma have, as a 
rule, high sedimentation constants and high molecular weights. 
The only exception is the blood pigment of the Chironomus 
larve. 

4. Within a well defined animal group all species have, as a rule, 
the same sedimentation constant. Biological kinship, therefore, 
is usually accompanied by identity in the sedimentation constant. 

5. Determinations of molecular weights by means of sedimenta- 
tion equilibrium measurements indicate that a system of simple 
multiples seems to obtain among the molecules of the blood 
pigments. 

6. Determinations of the isoelectric points of the respiratory 
proteins show that the blood pigments of the invertebrates so far 
studied are all much less alkaline than the hemoglobin of the 
vertebrates. The isoelectric point varies from species to species. 
I’ven closely related forms have different isoelectric points. For 
genus including several subgenera, the isoelectric points lie 
closer together within a subgenus. The situation of the isoelectric 
point is therefore to a certain degree a measure of kinship. 


Addendum—Recent determinations on the erythrocruorin from Arca 
pexata = 3.5 107-13) and Thyone briareus = 2.6 107%) have 
confirmed the rule that respiratory proteins contained in blood corpuscles 
have low sedimentation constants and low molecular weights. 

A study of fresh Limulus blood has shown that it contains three high 
molecular hemocyanins with constants 57.1, 34.1, and 16.9 « 107%. The 
second one is identical with the hemocyanin of Fuscorpius. 
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Another representative of the Cyclostomata, viz. Petromyzon fluviatilis, 


has now been studied. The respiratory pigment has a sedimentation con- 
stant of 2.0 « 10~13, or slightly lower than I/yzine. 


The blood samples of Arca, Thyone, and Limulus were kindly put at 


our disposal by Dr. A. Redfield of the Oceanographic Institution at Woods 
Hole, Massachusetts. 
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METABOLIC STUDIES OF CHILDREN WITH 
DENTAL CARIES 


By JULIAN D. BOYD, CHARLES L. DRAIN, 4npb 
GENEVIEVE STEARNS 


(From the Department of Pediatrics, College of Medicine and the College of 
Dentistry, State University of Towa, Iowa City) 


CORRECTIONS 


On page 113, Vol. 100, No. 1, March, 1933, Table III, column 3, fifth and 
eleventh figures, read 1713 and 391 for 1711 and 291, respectively; column 6, 
eleventh figure, read 79 for 21; column 13, last group of figures, read 180, 
156, 136, 153, 169, and 161 for 154, 120, 109, 117, 133, and 125, respectively; 
last column, ninth figure, read 2 for —2 and in the last group of figures, read 
18, 17, 37, —23, 23, and 9 for —8, —19, 1, —59, —13, and —27, respectively. 

On page 114, Table IV, column 3, last figure, read 109 for 19; column 4, 
first figure, read 902 for 685; last column, second, third, and fourth figures, 
read 221, 13, and 4 for 285, 21, and 7, respectively. 

On page 121, Table IX, column 2, eleventh figure, read 97 for 66. 


| on humoral levels of these constituents. 

If there were any causative relationship between the chemical 
composition of the body fluids and the resistance or susceptibility 
of teeth to decay, it should be possible to demonstrate through 
parallel dental and biochemical studies that certain chemical 
equilibria are characteristic indices of the status of the tooth. 
In order to evaluate this hypothesis, a statistical correlation has 
been made of certain biochemical and dental data obtained in the 
observation of over 100 children. 

During the past 7 years, detailed dental examinations have been 
made of every patient admitted to the pediatric or children’s 
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orthopedic services of the Children’s Hospital. In many instances, 
repeated subsequent examinations of the same mouth were made. 
The form of record employed distinguished the degree, extent, and 
activity of dental caries. Simultaneously, metabolic data were 
obtained concerning a considerable group of these children. This 
report is based upon a correlation of the nature of the metabolic 
findings with the dental condition noted at the same time. The 
biochemical data available included estimations of the level of 
calcium and of inorganic phosphorus in blood serum and in saljva, 
and balance studies relative to the retention of calcium, phos- 
phorus, and nitrogen. In some subjects, only isolated observa- 
tions were obtained; in many, multiple determinations were avail- 
able. The subjects ranged in age from 3 to 20 years, averaging 
about 10 years. ‘The physical condition varied widely; some were 
children without apparent disease, while others were under treat- 
ment for various types of chronic ailment. A considerable 
proportion had disturbances of normal metabolism of clinical 
significance, such as diabetes mellitus, late rickets, hyperparathy- 
roidism, chronic acidosis, or celiac disease. The only phase to be 
considered in this report is the correlation of the condition of the 
teeth with the biochemical data available. From such a corre- 
lation, it is believed that the data presented permit deductions of 
significance in determining the factors primarily operative in pro- 
tecting the tooth from decay. 


Methods 


The dental examinations were made under the direction of the 
same personnel throughout; most were made by the same indi- 
vidual. The degree of activity of caries was determined by the 
permeability of the exposed dentin to the exploring tine. Histo- 
logical studies of exfoliated or extracted teeth have confirmed the 
accuracy of these observations. Standard procedures of bio- 
chemical analysis were used throughout in the determination of 
serum, salivary, urinary, and fecal constituents. In the balance 
studies, fore periods of 3 days or longer were employed; in many 
instances the diets used were not essentially different from those 
to which the child had been accustomed. The periods of collec- 
tion of excreta were of 3 to 5 days duration. Carmine ingested at 
the beginning and close of each period was used for stool demar- 
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cation. The composition of the ingested diet was determined by 
chemical analysis of an aliquot portion of an identical diet. Dis- 
tilled water only was permitted in addition. Only data from 
periods of study which seemed mechanically satisfactory were 
used in these correlations. Saliva was collected before breakfast; 
the flow was stimulated by the chewing of paraffin (10). Initial 
portions were discarded to assure Wniformity and freedom from 
debris. Blood samples were obtained several hours after previous 
ingestion of food; in the great majority of instances the blood was 
drawn before breakfast. 


TABLE I 


Serum Calcium and Inorganic Phosphorus Content Correlated with 
Condition of Teeth 


| 
| No cavities, 
| no caries 


Inactive caries | Active caries 


No. of children....... 26 32 44 


mg. per 100 cc. | mg. per 100 cc. | mg. per 100 cc. 


Serum calcium 


| 10.4 | 11.0 10.6 
Standard deviation.............. 1.30 1.30 1.13 
+0.17 +0.15 +0.12 
Serum inorganic phosphorus 
Standard deviation.............. =e | 0.96 1.14 
| +0 17 +£0.12 +0.12 
Results 


Table I gives the averages of the observed concentrations of 
serum calcium and inorganie phosphorus of three groups of chil- 
dren, representing a total of 102 observations. One group is com- 
posed of children whose teeth were free from any evidences of 
decay, either past or present. Another group presented dental 
cavities, but no active caries. The third group exhibited active 
decay, in a wide range of extent and degree of activity. The data 
presented fail to indicate any correlation between the concentra- 
tion of these two serum constituents and the condition of the teeth. 
Moreover, in view of the metabolic data to be presented, it is 
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evident that the levels of serum constituents are not dependable 
gages of the adequacy of metabolic processes. 

Table II offers data similarly presented concerning the concen- 
tration of salivary calcium and phosphorus.! As in the case of 
the serum, no parallelism is evident between the chemical compo- 
sition of the saliva and the susceptibility of the tooth to decay. 

Table III represents the average retentions of calcium, phos- 
phorus, and nitrogen observed in 98 balance studies, correlated 
with the dental condition. It is apparent that a definite corre- 
lation exists between the degree of retention of calcium and of 
phosphorus and the freedom of teeth from decay. Statistical 


TABLE II 


Salivary Calcium and Phosphorus Content Correlated with Condition of 
Tecth 


No cavities, 


no caries | caries | Active caries 


mg. per 100 cc. | mg. per 100 cc. | mg. per 109 cc. 

Calcium 

Phosphorus 


analysis indicates that such an assumption is valid from the data 
presented. The same conclusion may be drawn from a comparison 
of the retentions of seven children studied when the caries was 
active and when it was inactive. These averages are presented in 
Table IV. Although these data would indicate that a similar 
relationship existed between the adequacy of nitrogen retention 
and resistance to caries, this is not borne out in the averages of the 
whole series, and the number of observations presented in Table IV 
are too few to be evaluated statistically. 

If there is any validity in the premise that dental caries is 
dependent. directly upon the level of the inorganic constituents of 
the body fluids, one would expect caries to be universally present 


! We are indebted to Dr. Roskin for most of the salivary analyses (10). 
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in association with those disturbances of metabolism which are 
accompanied by marked alterations in the concentrations of these 
substances. A summary of the dental and chemical findings in 


TABLE IV 
Mineral Retentions during Periods of Active and Inactive Caries in 
Same Individual 


Averages of values from seven subjects. 


| Active caries Inactive caries 

Average age of subjects, ... | 10 10 
Calcium retention | 

| 0) 007 0.015 

0.001 to +0014 —0.002 to +0.025 
Phosphorus retention | 

Q 007 | 0.013 

+0 to +0 014 | +0.002 to 0.020 
Nitrogen retention | | 

0 051 0 O87 


—(0.047 to +0.125 | +0 to +0.195 


TABLE V 
Correlation of Chemical with Dental Data in Subjects with Profound 
Chronic Disturbances of Mineral Metabolism 


| Dental condition Range of serum values 
| mg. per | mg. per | vel. per 
100 cc. 100 ce. 100 cc. 
Chronie aci- | 3 Slight in | Absorption | 7.8— | 2.1- 22-40 
dosis l;nonein! in2;lap-| 12.65 5.7 
2 peared 
normal 
Late rickets 3 Inactive in) Absorption Normal 
(idiopathic | 1; none in2;lap-| 12.5) 3.85 | 
hypophos- in 2 peared | | 
phatemia) normal | | 
H yperpara- 2 None in 1; | Absorption 12.5 1.17) Normat 
thyroidism 


|; in 1 peared | 


| | 
moderate | in 1; 24.5 5.55 

| 
| normal 


| 
| 
| 
| 
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eight such individuals is offered in Table V.2_— It will be noted that 
in spite of the wide variation from normal and the diversity of the 
chemical anomalies studied, no noteworthy tendency toward any 
increased incidence of caries is evident. On the other hand, the 
incidence of destruction of the bony supporting structures of the 
teeth was striking. 


DISCUSSION 


The conclusion that no predictable relationship exists between 
the concentrations of caleium and phosphorus in the serum or the 
saliva and the existence of active dental caries is in accord with the 
experimental work reported by others (7, 15-17). The data here 
presented do not support the opinions offered by those who would 
attribute caries to a lowering of the level of serum phosphorus, 
with subsequent alterations of the composition of the saliva. The 
unusually low incidence of caries in the group of subjects with 
persistently and markedly abnormal levels of the substances which 
are considered deciding factors in the deposition of bone (Table V) 
seems sufficient in itself to establish that dental caries is not 
caused per se by low levels of serum phosphorus or severe acidosis. 
It has been claimed by some of the proponents of the humoral 
theory (18-22) that deficiency of dietary phosphorus or improper 
acid-base relationships of the ash of the diet are significant in the 
production of dental caries. These views were adduced from 
animal experiments in which marked alterations in the dietary 
were imposed, and from a theoretical consideration of the tooth as 
being strictly analogous to bone in its response to metabolic 
alterations. It is apparent that these premises cannot be accepted 
as explanatory of the etiology of human dental caries. It has been 
shown that children can have severe dental caries without altera- 
tion of the levels of serum caleium or phosphorus, and that the 
caries can be arrested without significant shift in the level of the 
serum values. Children whose serum phosphorus for years has 
been at levels supposedly incompatible with normal bone forma- 
tion have shown continuous freedom from dental caries during the 
corresponding interval. ven though it were demonstrable that 
dietaries used prevalently in this country are deficient in phos- 


> The records of several of these subjects have been published previously 
(11-14). 
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phorus, it is diffieult to believe that the deficit is sufficient in 
degree to lower the serum phosphorus to abnormal levels, com- 
parable to those produced in rats receiving manifestly abnormal 
diets. Furthermore, from the evidence here presented that long 
continued hypophosphatemia of marked degree is compatible with 
sound teeth, it seems most unlikely that dietary deficiency of 
phosphorus plays as major a role in the production of dental caries 
as that recently attributed to it. Similarly, the freedom from 
significant degree of dental caries noted in children with prolonged 
chronic severe acidosis would discount the significance of any 
degree of acidosis dependent upon the acid-base relationships of 
the ash of any ordinary diet. It is probably true that the ideal 
diet will have an ash with reaction approaching neutrality, as it 
will have an optimum content of phosphorus and a favorable 
‘alcium to phosphorus ratio. Yet this does not justify the assump- 
tion that the beneficial effect of such a diet is to be attributed to 
any one of these, or to any other isolated group of factors. 

An exceptionally high incidence of alveolar rarefaction was 
noted in the children with persistently abnormal serum values. 
In all such instances, abnormality of bone was present elsewhere 
as well, giving rise to evidences of rickets or osteoporosis. The 
coexistence of rarefaction of bone with apparently intact teeth 
offers evidence that bone and tooth do not respond similarly, at 
least in degree, to conditions favoring bone dissolution. Re- 
ported histopathological observations (23) indicate that profound 
disturbances of bone may be associated with parallel histological 
alterations of the tooth structure. The observations herein 
recorded demonstrate that such alterations do not become grossly 
demonstrable during periods of years. The children under discus- 
sion were able to maintain adequate retentions of calcium and 
phosphorus, and to obtain partial or apparently complete repair 
of their bone lesions, in spite of the chemical abnormalities which 
in their nature were typical of those associated with active rickets 
or equivalent bone alterations. The findings point to the conclu- 
sion that the deposition of bone and its integrity, as well as that of 
the tooth, are dependent more upon the ability to retain suitable 
amounts of caleium and of phosphorus than upon the actual con- 
centrations of inorganie constituents of the body fluids. 
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The strong correlation demonstrated between the degree of reten- 
tion of caleium and phosphorus and the resistance to caries sup- 
ports the view that such resistance is dependent primarily upon 
forces acting from within the tooth. In a collateral study to be 
reported elsewhere (24), the authors have confirmed and extended 
the observations of others that Bacillus acidophilus and other 
acid-forming bacteria are ubiquitous in their occurrence, and 
that they may be demonstrated in significant quantity in some 
mouths throughout the process of arrest of caries. It is apparent 
that any effective alteration in the susceptibility to caries pro- 
duced by adjustment of the diet cannot be attributed properly to 
its effect upon the growth propensities of such organisms. 

Histological studies now in progress indicate that resistance to 
dental caries is dependent upon the ability of the tooth to deposit 
secondary dentin in an adequate manner and degree. This in turn 
seems to be determined by the metabolic integrity of the indi- 
vidual as a whole. No factor contributing to the adequacy of 
metabolism, whether it be of exogenous or endogenous origin, can 
be ignored in evaluating the causes of dental caries. It is evident 
that considerable individual variation exists in the efficiency of 
utilization of similar diets. The children observed in this study 
had been accustomed to various types of diets previous to the 
period of observation. During the balance periods, however, the 
diets of all were quite similar. On corresponding diets, the average 
retentions of those without caries were much better than those 
with active decay. Subsequent studies of children with caries 
after long periods of well chosen diets showed increased retentions. 
The degree of retention of the children without caries was higher 
than that customarily considered as adequate. This may indicate 
that optimum retention levels are greater than those usually 
accepted as desirable. Two reported studies (25, 26) indicate that 
the period of complete mineralization of bone is determined by the 
level of intake of inorganic bone constituents and of related sub- 
stances during the period of growth. It seems very possible that 
the degree of mineralization of the tooth as reflected in the degree 
of dentinal sclerosis and its subsequent resistance to decay are 
similarly dependent upon the level of adequacy of the diet. 
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SUMMARY AND CONCLUSIONS 


A correlation of the dental status with various biochemical 
studies in a large group of children leads to the conclusion that the 
levels of serum calcium and phosphorus and the acid-base relation- 
ships are not primarily of significance in the production or the pre- 
vention of dental caries. The same is true of the chief inorganic 
constituents of the saliva. A definite and very significant relation 
appears to exist between the degree of adequacy of retention of 
ealeium and phosphorus and the resistance of the tooth to decay. 
The studies here reported offer no evidence that dietary deficiency 
of phosphorus is an outstanding factor in the incidence of dental 
caries, or that degrees of acid-base imbalance induced by any 
ordinary diet can be held responsible. They indicate that a close 
correlation exists between the metabolic efficiency of the organism 
as a whole and the resistance of the tooth to decay. They offer 
evidence that resistance to decay is dependent primarily upon 
factors operating from within the tooth. Furthermore, the data 
suggest that optimum retentions of calcium and of phosphorus 
may be higher than those usually accepted as adequate. 
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Synthesis of Carotene by Microorganisms 


The presence of carotenoids in microorganisms has long been 
accepted, but the available evidence for this belief is meager. 
The earliest claims are based on the solubility of certain bac- 
terial pigments in fat solvents, and on the production of a blue 
color upon the addition of concentrated sulfuric acid (1). Later 
Tswett’s chromatographic method (2) was applied and the various 
fractions obtained were examined spectroscopically. By means 
of this technique the absorption bands of carotene and of lycopene 
were identified (8-5). Reader furthermore succeeded in isolating 
enough crystals of lycopene for identification under the micro- 
scope (3). Since carotene is converted by the animal into vitamin 
A (6), it was to be expected that carotene-containing microorgan- 
isms would be able to correct symptoms of vitamin A deficiency, 
but early attempts to demonstrate such activity in microorganisms 
by means of rat feeding experiments failed. Assays were made by 
Wollmann and Vagliano (7), Slanetz (8), Cunningham (9), Bieling 


* Published with the permission of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Presented in part before the American Society of Biological Chemists at 
Cincinnati, April 10, 1933 (Baumann, C. A., Steenbock, H., and Ingraham, 
M. A., J. Biol. Chem., 100, xiii (1933); Proc. Am. Soc. Biol. Chem.,8, xiii 
(1933)). 
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(10), and Reader (3). Since these experiments were carried out 
before the importance of vitamin D for growth in rats was realized, 
and since the investigators did not always publish full experi- 
mental details, it is impossible to determine the value of these 
findings. That a certain yellow Corynebacterium could synthesize 
a vitamin A-active substance from an inactive substrate was first 
demonstrated by Skinner and Gunderson (11) in 1932. They 
did not determine, however, whether vitamin A itself, its pre- 
cursor carotene, or some other substance capable of functioning 
as vitamin A in the rat was produced. As vitamin A itself has 
not been found except in materials of animal origin, we have 
examined this Corynebacterium! further to determine the nature of 
the biologically active material. In addition we have analyzed 
cultures of other yellow organisms for carotene, and have made 
confirmatory tests by feeding the dried crude cultures of four 
different strains of these organisms to rats which showed symp- 
toms of vitamin A deficiency. 

The organisms were grown on agar slants. A solid substrate 
was preferred to a liquid medium because these aerobic organisms 
were found to grow more rapidly and also to produce more pigment 
on agar than on broth. A yeast water medium was used which 
contained agar 20 gm., glucose 10 gm., KsHPO,; 1 gm., MgSQ,-- 
7H,O 1 gm., NaCl 1 gm., yeast water? 100 ec., and tap water 900 
ec. 2800 gm. of agar were melted in 126 liters of water in a steam- 
kettle, and the other ingredients were added immediately before 
bottling. About 100 cc. were added to a 12 ounce signet bottle. 
The bottle was capped, autoclaved, and slanted to give a surface 
of 90 sq.em. available for growth. Inoculation was made with 
compressed air which was forced through 3 feet of sterile cotton 
wadding in a metal gun. The air forced a water suspension of 
the organisms through an atomizer in a continuous spray. The 
bottles were quickly uncapped, momentarily held over the tip 
of the atomizer and then recapped. In this manner it was found 


1 We wish to express our thanks to Dr. Skinner of the University of 
Minnesota for giving us a culture of this organism for our experimental 
work, 

2 The yeast water was made from a 10 per cent suspension of starch-free 
and moist brewers’ yeast by steaming it for 2 to3 hours, then sterilizing and 
allowing suspended matter to settle out. 
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possible to inoculate about 1000 bottles in an hour. About 350 
bottles were used in each experiment. The yield was between 0.1 
and 0.3 gm. of dried cells per bottle. Contamination rarely re- 
sulted. 

The organisms reached maximum growth and pigmentation in 
approximately 2 weeks, when they were removed from the agar 
slant by means of suction. The cellular material was then placed 
in evaporating dishes, dried at 50° in the dark, and stored at 4°. 
The product was analyzed spectroscopically for carotene and 
biologically for total vitamin A activity. The organisms fed were 
the diphtheroid used by Skinner and Gunderson, Organism G-101; 
a closely related diphtheroid obtained from lake water, Organism 
(,-102; two non-sporulating rod forms, Organisms D-202 and D-205; 
and one spore-forming rod, Organism E-104. These organisms, as 
well as related types, will be more fully discussed in another paper. 

Carotene determinations were made as follows: The cultures 
were extracted with hot 95 per cent aleohol, the aleohol was diluted 
with water to a concentration of 85 per cent, and the solution was 
then extracted with petroleum ether. Partition between these 
solvents separated the pigment into carotene and xanthophyll 
fractions. The yellow pigment content of each was determined 
with a Lovibond tintometer. The petroleum ether-soluble caro- 
tene fraction was then saponified by the addition of an equal vol- 
ume of 20 per cent aleoholie KOH and heated for 45 minutes at 
60° under a stream of nitrogen. In the process the petroleum 
ether was distilled off. The saponification mixture was then 
diluted with water, extracted with ether, and submitted to the 
phase test as above. Xanthophyll esters, originally soluble in the 
petroleum ether, were thus liberated as free xanthophyll and 
appeared in the alcohol layer. The yellow units of both fractions 
were read in the tintometer, and the petroleum ether fraction was 
examined spectroseopically in chloroform solution. Both tinto- 
metric and spectrophotometric readings gave a measure of the 
amount of carotene present. 

For the presence of vitamin A, spectral absorption at 328 my was 
tuken as the criterion. Solutions for analysis were prepared as 
follows: The crude culture was extracted with hot 95 per cent 
aleohol, and the extract was saponified by the addition of enough 
concentrated aqueous KOH solution to bring the concentration of 
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the KOH to 10 percent. Saponification was continued for 30 min- 
utes under a reflux at 70° and under N,. The alcohol solution 
was extracted with ether, the ether washed, dried, and evaporated, 
and the residue dissolved in a small volume of absolute methyl 
aleohol. After freezing in a mixture of solid CO, and acetone, the 
methyl alcohol solution was filtered and analyzed with a Hilger 
quartz spectrophotometer. 

The vitamin A activity of the microorganisms was determined 
by feeding the dry cultures to rats on a standard low vitamin A 
ration. Rats were kept on our basal synthetic ration (12) which 
consists of casein 18, cooked corn-starch 69, agar 2, Salts 40 (13) 
4, yeast 6.9, irradiated yeast 0.1. This ration is adequate for the 
purpose intended in all dietary factors except vitamin A. When 
the animals showed both a cessation of growth and definite 
symptoms of ophthalmia, the dry cultures were added to the diet. 
Restoration of growth and cure of ophthalmia were taken as 
indices of the amount of vitamin A activity present. Each culture 
was fed at four levels of supplement, and three animals were placed 
upon each level. The absence of carotene and of vitamin A in the 
bacterial culture medium was demonstrated not only by the nega- 
tive results obtained with many organisms but also by the failure 
of rats to grow when they received 3 gm. daily of the yeast from 
which the medium had been prepared. 

Although to date we have not isolated carotene as such from 
our microorganisms, the method of preparation of the carotene 
fraction to our mind constitutes proof that carotene itself was 
present. The processes of saponification and solvent partition 
outlined above remove all known pigments from the petroleum 
ether solution except carotene and lycopene. These can readily 
be identified by their absorption spectra, since the bands of lyco- 
pene differ from those of carotene in that they are markedly dis- 
placed toward the red end of the spectrum (14, 15). As measured 
on a Bausch and Lomb universal spectrophotometer, the absorp- 
tion spectrum of the carotene fraction was found to be identical 
with that of a solution of pure carotene prepared from carrots.’ 
The carotene curve and that of bacterial carotene were of the same 


> The carotene was crystalline, melted at 181°, and was part of the prep- 
aration sent by this laboratory to the British Medical Research Couneil for 
use as part of the international standard preparation of vitamin A. 
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general shape (Chart I). The maxima appeared at 460 and 485 
mu, and the ratio of the extinction coefficients /4ys5 and Hug) were 
in the ratio of 1.00:1.19 in both cases. As did carotene from other 
sources, the bacterial carotene gave a blue color when treated with 
SbCl; in chloroform. The ratio of the yellow to blue units, as 


Carotene 
from 
Carrots 


Bacterial 
Carotene 
Fraction 


Log I/Io 


Wave Lengtn..-.-mua 
uso 


500 550 


Cuart 1. Absorption spectra of pure carotene and of the carotene frac- 
tion of Organism G-101 (in CHCI;,). 


measured on a Lovibond tintometer was 6.2:1.0, conforming to 
the properties of plant carotene. Furthermore our bacterial caro- 
tene in petroleum ether solution was not adsorbed by CaCQs, nor 
was the spectral absorption altered by the attempt. 

In no organism examined was carotene the only yellow pigment 
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In fact the maximum proportion of yellow units due to 


carotene was 50 per cent. 


In certain strains such as our Organism 


4y 
? 
1277 
60 mgs. Organism G-101 Daily 
1298-b 
1284 | 1276 
| 
75 mgs. Organism G-102 Daily 
~ 
3 | 
' 55 mgs. Organism 
10 days 


Cuart II. Growth of rats on dried cultures of microorganisms 


1)-202, an encapsulated bacterium, only 6 per cent of the total 
yellow pigmentation was attributable to carotene. 


The ratio of 
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carotene to the other yellow pigments appeared to vary not only 
with the strain of organism, but also with age, with the rate of 
growth, with the freshness of the culture, and with the composition 
of the culture medium. No attempts were made to study pig- 
ments other than carotene. Cursory examination, however, indi- 
cated that there were present xanthophyll and xanthophyll esters, 
and also other pigments soluble in aleohol, which turned blue or a 
brilliant red on the addition of alkali. 

In each of the organisms which gave a positive growth response 
when fed to rats, enough carotene was found to be present in the 
amounts fed to account for the observed vitamin A activity. For 
Organism G-101 the minimum daily dose of dried bacterial growth 
required to restore growth and cure ophthalmia was 60 mg. (Chart 
Il). This contained 1.3y of carotene. For Organism G-102, a 
closely related form, the minimum dose was 75 mg., equivalent to 
2.67 carotene. For Organism D-202, an encapsulated form, the 
minimum daily dose was 55 mg. which contained 3y of carotene. 
Although within the scope of our experiments the amounts of 
bacterial carotene found necessary were not in exact agreement, 
they were equal to or in excess of the amount of pure carotene, 
namely, 1.37, necessary for a similar response. Hence it is 
unnecessary to assume in these microorganisms the presence of 
vitamin A itself. Organism D-205 which contained large amounts 
of aleohol-soluble pigment, but none soluble in petroleum ether, 
was inactive as a source of vitamin A. Organism E-104, a yellow 
type, the pigment of which was insoluble in alcohol, was likewise 
inactive. 

That the biological activity of the organisms resides in the puri- 
fied petroleum ether fraction was demonstrated by feeding such a 
fraction prepared from Organism G-102 in cottonseed oil to rats 
in daily amounts equivalent to 12 and 48 Lovibond yellow units 
respectively. 12 yellow units = 6y carotene. Both levels gave a 
growth response. The corresponding alcohol fractions were devoid 
of activity in daily doses equivalent to 96 yellow units. 

The biological activity of the microorganisms is not due to vita- 
min A itself, since absorption studies showed no absorption in the 
region of 320 to 330 muy in addition to that which could be attrib- 
uted to the carotenoid pigments present. Another argument 
against the presence of vitamin A as such is the fact that the 
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Carr-Price (16) yellow to blue ratio, 6.2:1.0, which was obtained 
on the active fraction of microorganisms, is within the normal 
range for the carotenoid pigments. If vitamin A were present in 
sufficient amounts to account for the biological activity, the yellow 
to blue ratio of the bacterial extracts would be abnormally low for 
carotenoid pigments, since the pure vitamin shows a yellow to 
blue ratio of 1:200. 


Alleged Transformation of Carotene into Vitamin A by 
Microorganisms 


The close chemical relationship between carotene and vitamin A 
suggested the possibility that the transformation of the pigment 
into the vitamin by animals (12) might be duplicated with micro- 
organisms. In an attempt to effect such a transformation we 
exposed samples of carotene to the action of many types of micro- 
organisms on various media and then examined the products for 
vitamin A by means of the Carr-Price SbCl]; reaction (16). 

The carotene used in the majority of these experiments was a 
crude carotene made from carrots by petroleum ether extraction. 
It was brought into the colloidal state as follows: The petroleum 
ether extract was evaporated, the residue dissolved in hot acetone, 
and the acetone solution dropped into a large volume of water at 
80° at such a rate that most of the acetone was immediately vola- 
tilized. During this procedure the water was agitated continu- 
ously to aid in the dispersion. After the addition of the carotene 
solution, the aqueous mixture was distilled to one-half its original 
volume under reduced pressure in the presence of nitrogen. 

In the first cultures the colloidal carotene was added directly to 
the media, which were then sterilized and incubated with the 
appropriate organisms. Later it was deemed advisable to defer 
the addition of carotene until the fermentation was proceeding 
vigorously. This latter procedure had the advantage that it 
avoided changes in the carotene which might have been caused by 
autoclaving. In some cases cultures were also made with pure 
carotene in the colloidal as well as in the crystalline condition. 
The following media were used: (1) a crude corn mash, (2) a glu- 
cose peptone medium, (3) yeast water prepared from autoclaved 
brewers’ yeast, and (4) an inorganic medium. 

The organisms were grown under conditions of temperature, 
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pH, and available nutrient known to be favorable for their develop- 
ment. They are listed in Table I. They include seven species of 
bacteria, thirteen species of yeasts, twelve species of molds, and 
thirteen mixed cultures obtained from soil, manure, air, water, 


TABLE I 
Organisms with Which Fermentation of Carotene was Attempled 


Bacterial species 


Staphylococcus aureus _ Streptococcus lactis 
Sarcina lutea Bacillus subtilis 
Leuconostoc mesenterioides (2 strains) | Bacterium dioxryacetonicum 
Acetobacter aceticum Escherichia coli 
Acrobacter aerogenes Serratia marcescens 
” polymyxa Rhizobium meliloti (2 strains) 

Chromobacterium violaceum Clostridium acetobutylicum 
Thermophilic cellulose-fermenting acetoethylicum 

culture | saccharobutylicum 

Yeasts 


Saccharomyces cerevisi# (3 strains)  Torula puleherrima 


thermantitorum  dattila 
carlsbergensis  alactosa 
Monilia psilosis  monosa 
Endomyces vernalis Willia anomala 
Zygosaccharomyces (from pollen) 3 unknown species 
Molds 
Aspergillus fischeri Penicillium chrysogenum 
fumigatus | pur purogenum 
niger Pecilomyces varioti 
sydowt Cunninghamella elegans 
nidulans Homodendron 
Syncephalin 


Also natural mixed flora of air, peat, manure, soil, water, milk, and 
sewage cultured at 20°, 30°, 37°, and 55° 


milk, sewage, and peat. Incubations were carried out for periods 
varying from 2 days to 3 weeks. Samples were usually run in 
triplicate with a positive control of carotene plus medium, and a 
negative control of organism plus medium. Most of the experi- 
ments were run at at least two different temperatures. 
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Vitamin A determinations were carried out as follows: ‘The 
medium was treated with an equal volume of 95 per cent aleohol to 
facilitate extraction. It was then extracted with ether, the ether 
evaporated under reduced pressure with nitrogen, and the residue 
dissolved in chloroform. The Carr-Price test was then carried 
out, a solution of SbCl; being used in chloroform saturated at O°. 
Since both carotene and vitamin A are known to produce a blue 
color with SbCl;, and since intermediates in the transformation of 


TABLE II 
¢ Change sin Z ellow to Blue Ratio on Addition of Vitamin A to Carote ne 


Lov Lov | e to 
yellow units | blue units S blue ratio 
0.4 ce. burbot er r oil*.. 5 | $29 | 1: 172 
5 eolloidal carotene | | 
burbot liver oil................. 
5 ec. colloidal carotene + 2 drops | | 
5ec. colloidal carotene + 4 drops | | 
burbot liver oil........ | 384 351 
5 ec. colloidal carotene + 8 drope 


* The burbot oil was an oil extracted from the livers of the fish and was 
obtained through the courtesy of the Smith Brothers Fisheries, Port 
Washington, Wisconsin. Since 0.4 cc. = 829 blue units, 1 cc. = 2070 blue 
units. The pipette delivered 44 drops per cc.; therefore 1 drop = 46 blue 
units. The recovery of vitamin A when added to colloidal carotene can be 
calculated as follows: Carotene + 1 drop oil = 193 blue units; carotene + 
8 drops oil = 512 blue units. 7 drops of oil increase the total blue units by 
512 to 193 = 319 blue units. 319 blue units + 7 = 45 blue units per drop, 
which agrees with the direct determination. 


the one form into the other would probably also form a blue color, 
this transformation can be detected with the SbCl; reaction only 
when the quantitative relations of the colors formed are considered. 
This fact is neglected in a recent claim that carotene was trans- 
formed into vitamin A by means of liver enzymes because, after 
incubation and treatment with SbCl, ‘the appearance of a blue 
color is interpreted as due to the presence of vitamin A” (17). 

The reaction of carotenoids with SbCl; is admittedly open to 
certain objections. The intensity of the blue color is affected by 
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such factors as the temperature, the concentration of the reagent, 
the presence of inhibitors, and even the intensity of illumination 
(18, 19). However, Moore (20) has shown that carotene and 
vitamin A have such widely divergent yellow to blue ratios, that 
the SbCl, test is of value in distinguishing between these sub- 
stances. Carotene shows a yellow to blue ratio of 6:1; vitamin A, 
of 1:200. The addition of vitamin A to carotene therefore results 
in a marked increase in the blue values, with a corresponding fall 
in the yellow to blue ratio, since the total number of yellow units 
is not materially altered by vitamin A additions (see Table IT). 
If, on the other hand, carotene is transformed into vitamin A, 
there will result a destruction of carotene, and hence the total 
number of yellow units will be decreased at a more rapid rate than 
the total blue units. The formation of vitamin A will cause a 
relatively large increase in the blue values, and hence the yellow to 
blue ratio will fall markedly, even when the proportion of carotene 
transformed into vitamin A is small. A drop in the yellow to 
blue ratio with an increase in total blue values is therefore a neces- 
sary accompaniment of the transformation of carotene into vitamin 
A, but such a drop in ratio, as Woolf and Moore have pointed out 
(21), does not in itself constitute a proof of the formation of 
vitamin A. The absence of these changes in color, however, defi- 
nitely indicates the absence of the transformation. 

In none of the organisms examined was the synthesis of vitamin 
A demonstrated. Usually there was a decrease in the number of 
total yellow units as a result of exposure to the conditions of the 
fermentation, and this decrease was accompanied by a lesser 
decrease in the number of blue units. The yellow to blue ratio 
was therefore lowered. However, similar changes occurred in the 
eontrol samples of colloidal carotene. In facet, many organisms 
appeared to exert a protective effect upon the carotene, since fre- 
quently the rate of fading of the pigment proceeded most rapidly in 
the control sample. In no case was the total number of blue units 
increased, and hence it appears that under the conditions of the 
experiment carotene is not transformed into vitamin A by these 
microorganisms. This is in harmony with the observation of 
Ahmad and Drummond (22) who reported that organisms of the 
digestive traet do not transform carotene into vitamin A, 
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DISCUSSION 


The presence of carotene in microorganisms naturally raises the 
question of the value of that carotene to the organism, but on 
the basis of available data it is impossible to attribute any definite 
function to this pigment. The amount of pigment in dried cellular 
matter appears to vary with the nature of the medium, with 
the pH of the medium, with the rate of growth of the organism, 
with the age of the culture, and, in certain cases, with the length 
of time which has elapsed since the organism was removed from 
its natural habitat. 

It is known that some organisms have the power to absorb pig- 
ment from the surrounding medium. Thus a routine method of 
distinguishing the avian from the human tubercle bacillus consists 
of placing the organism in old blood serum from which the human 
form absorbs pigment whereas the avian variety does not. Our 
medium was free from carotene, as was demonstrated by feeding 
trials, but there remains the possibility that some samples of 
yeast could have been contaminated with carotene-containing 
organisms. Such an assumption might possibly explain the find- 
ing of Honeywell, Dutcher, and Ely (23) that certain yeast sam- 
ples possessed vitamin A activity, a finding which, however, has 
not yet been duplicated by other laboratories. 

If we accept our evidence that carotene is actually synthesized 
by the organisms in question, then in this respect, these organisms 
resemble plants more closely than animals, since carotene when 
present in animals is of exogenous origin. The absence of vitamin 
A from microorganisms and their failure to transform carotene into 
vitamin A likewise associate these organisms with plants, since 
vitamin A as such has not been demonstrated in a plant material. 
The similarity in structure of the carotene and the phytol mole- 
cules, as well as the fact that carotene always accompanies chloro- 
phyll in plants, has led to the belief that carotene synthesis is in 
some way associated with chlorophyll activity. In microorgan- 
isms, however, we have an illustration of the fact that the forma- 
tion of carotene is not dependent upon the presence of chlorophyll. 


SUMMARY 


Certain microorganisms were found to synthesize carotene. 
Whenever an organism showed vitamin A activity as determined 
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by feeding experiments, enough carotene was found to be present to 
aecount for that activity. The vitamin A activity of microorgan- 
isms did not appear to be affected by the presence of yellow pig- 
ments other than carotene. Since spectrographic determination 
failed to reveal an absorption band at 328 mu, it is exceedingly 
improbable that vitamin A as such is generally present in bacteria. 
Attempts to effect the transformation of carotene into vitamin A 
by microorganisms failed. 
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The work of Evans and Lepkovsky (1) has shown that rats 
live longer and thrive on vitamin B-free diets when a high per- 
centage of fat is incorporated in the diet. While studying the 
metabolic interrelation between vitamins and energy-yielding 
foodstuffs in our laboratory Geiger (2) found that while a diet high 
in fat might delay the onset of polyneuritic convulsions in the rat, 
it did not prevent them. Gregory and Drummond (3) have dis- 
puted the idea advanced by Evans and Lepkovsky that fat exerts 
a sparing action on vitamin B. They agree, however, that fat 
delays the appearance of the convulsions associated with vitamin 
B deficiency. It became of interest for us to study the problem 
further in order to determine whether the fat in the diet conserves 
the vitamin B present in the tissues or merely postpones the 
symptoms resulting from the vitamin B deficiency. To answer 
this question groups of rats, chickens, and swine were fed rations 
deficient in vitamin B but high and low in fat, and the tissues of the 
animals so fed were assayed for vitamin B. 


EXPERIMENTAL 


Rat—The curative method for vitamin B assay was_ used. 
Groups of four to six young male rats in good health, weighing 50 
to 60 gm., were placed on sereens and fed a diet low in vitamin B 
(Diet 1, Table 1). The animals were usually kept on this diet for 
4 weeks. They were weighed once each week for 3 weeks and then 


* Published with the permission of the Director of the Wisconsin Agri- 
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daily. If they did not gain in weight during the 4th week, they 
were placed in individual cages and fed daily the tissue to be 
assayed for a period of 4 weeks or longer. However, if the animals 
gained weight during the 4th week they were continued on the 
basal ration for another week. If they still continued to gain in 
weight, which was very unusual, they were discarded, as copro- 
phagy was suspected. 

To interpret our results in standard vitamin B units, the re- 
sponsiveness of our rats to the international standard vitamin B 


TABLE I 
Low Vitamin B Diets Used 


Percentage of constituents in diets 
Constituents of diets 


Diet 1! Diet 2) Diet 3) Diet 4) Diet 5! Diet 6| Diet 7 


| | | | | 30.0 30.0 
Vitamin B-free casein... .. 18.0) 18.0 36.0 36.0 | 

665.0 | 67.0 | 9.0 | 9.0 | 

shee... | | —668.0 | 17.0 | 17.0 
Autoclaved yeast*.......... 8.0) 10.0 10.0 10.0 10.0} 15.0} 15.0 
| 2.0 ! | 
40' 40: 40); 4.0 

| 2.0; 3.0; 3.0 
Cod liver oil.............. | 20! 0.5 

Wheat germ | 10} 0.5] 0.5; 0.5! 

Hydrogenated fat§........ | | | | 40.0 35.0 


* Moistened and heated for 5 hours at 17 pounds pressure. 

t Steenbock, H., and Nelson, E. M., J. Biol. Chem., 66, 355 (1923). 

t The salt mixture contained NaCl 0.6, KCl 0.4, NazHPO,g-H,O 0.2, 
CaHPO, 0.7, MgSO,-H,0 0.1. 

§ Manufactured for culinary purposes by Lever Brothers Company. 


preparation obtained from the Health Committee of the League of 
Nations was determined. The results of this assay are given in 
Table IT. 

Before we could begin to evaluate the tissues from the animals on 
the low vitamin B diets it was necessary to know the approximate 
vitamin B content of normal rat tissues. Using the curative 
method, Westenbrink (4) assayed tissues from rats on a normal 
diet and tissues from rats on a low vitamin B diet. He dried the 
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TABLE II 
Vitamin B Assay of Tissues 
| Average weight 
Amount Average 
supplement given supple- gain after | and maximum 
ment | Low | supple- wkly. gain 
given vita- Supple-| ment 
min ment 
diet 
gm. gm gm. gm. gm. 
Normal rat muscle 0.25 | 3 53 6S —3.8 | —li5to 0 
1.0 3 52 73 1.8 —5 “ 18 
2.0 3 53 69 11.0 gg“ 
Low B-low fat rat | 2.0 3 58 81 —1.0 —§ “ 8 
muscle 4.0 2 60 103 0.1 —7 “ 15 
Low B-high lard rat | 2.0 3 58 81 —0.8 —-8§“ 6 
muscle 4.0 2 56 81 —-15;-10% 7 
Low B-high hydrogen- | 2.0 2 59 84 0.3 nat ee 
ated fat rat muscle | 4.0 2 54 83 0.5 Ew yg 
Normal rat liver | 0.25 3 53 78 7.0 ~G§ “* 14 
0.5 3 50 68 15.5 ae 
or 3 52 67 | 28.0 14 “ 40 
Low B-low fatratliver 0.5 3 60 77 | @2 
“ B-high lard rat|0.5 | 3 | 56 | 67 | -15|-10“ 5 
liver | 2.0 | 2 50 63 | ~3i-w* 6 
Low B-high hydrogen- 0.5 | 2 54 85 | —6.8 | -—13 “ —5 
ated fat rat liver 2.0 2 52 74 | —15|-16“ 3 
Normal dark chick | 0.25 3 54 72 —-43 |} -12“% 3 
muscle 0.5 3 53 70 0.3 —§ “ @ 
1.0 3 53 70 12.8 —-~j“ @& 
2.0 3 55 67 13.0 
Low B-low fat dark § 2.0 3 52 75 3.3 —7 “ 10 
chick muscle 
Low B-high lard dark 2.0 2 53 | 75 3.0 | -10“ 8 
chick muscle | 
Low B-high hydrogen- | 2.0 3 | 54 78 0.0 | .§ 
ated fat dark chick | | | | 
muscle | | 
Normal light chick 1.0 3 | 55 69 5.0 —-4 14 
Low B-low fat Jight | 2.0 2 50 1-62 
chick muscle | | | 
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TABLE l—Concluded 


Average weight 
) No. of wkly. Minimum 
Supplement given supple- gain after | and maximum 
ment Low supple- wkly. gain 
given vita- ‘Supple-| ment 
min B ment 
diet 
gm, gm, gm. gm. gm. 
Low B-high hydrogen- | 2.0 2 50 67 —1.5 —5to 3 
ated fat light chick 
muscle 
Normal chick liver 0.12 3 50 61 —2.5 | -10“% 5 
0.25 3 49 73 7.3 0“ 15 
0.5 2 53 72 14.8 13 “ 20 
1.0 2 50 57 20.8 5* @& 
Low B-low fat chick | 0.5 3 51 71 1.8 ag” 
liver 
Low B-high lard chick | 0.5 3 52 67 0.0 —5 “ 4 
liver 
Low B-high hydrogen- | 0.5 3 52 72 1.3 —5 “ 10 
ated fat chick liver 
Normal pork muscle 0.25 2 54 64 8.3 ae 
0.50 3 57 92 24.5 &* 3 
1.0 6 58 $2 25.4 —7 “ 65 
2.0 3 60 73 31.8 7“ 63 
Young 0.25 3 53 73 —3.0 -—10 “ 1 
Low B-low fat pork | 0.5 3 56 81 —-6.0;-l11“ 0O 
muscle 2.0 2 55 73 1.8 —~§ “* 7 
Low B-high lard pork | 0.5 2 56 68 —2.4|;-10“ 1 
muscle 2.0 3 52 60 1.0 —-5 “ 10 
Normal beef muscle 1.0 3 59 75 4.0 -4“ 15 
2.0 3 58 70 10.5 2 
4.0 2 55 75 19.0 ce 
Vitamin B standard 0.002 8 52 73 —0.6 | -13 “ 9 
0.005 8 51 68 4.3 
0.010 5 57 78 11.8 .*:. 
0.015 3 64 87 12.5 | a 


tissues in a vacuum at 50°. On feeding these dried tissues at 
various levels he found liver, kidney, and heart of normal rats 
fairly rich and skeletal muscle relatively low in vitamin B. 
The vitamin B content of the same tissues from rats fed alow 
vitamin B diet for 5 weeks was found to be considerably less than 
that of the tissues of rats fed the normal diet. 
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To compare our low vitamin B rat tissues with normal rat tissues, 
muscle and liver from rats receiving Ration 2965 (5) containing 
0.5 per cent of yeast were collected, frozen immediately, and fed 
fresh at several different levels. According to Table II 2 gm. of 
rat muscle contained about 1 unit of vitamin B. 0.25 to 0.5 gm. 
of rat liver also contained 1 unit of vitamin B. 

After the approximate vitamin B content of normal rat tissues 
had been determined, adult male rats weighing from 300 to 400 gm. 
from the general stock colony were placed on low vitamin B Diets 
2,3, and4 (Table I). These rats were so selected that individuals 


TABLE III 
Weight Lost by Rats on Low Vitamin B-High and Low Fat Diets 


Minimum 


Average 
weight | an 
fe Diet oo f when — Loss in weight | maximum 
started killed OSs 
on diet in weight 
days gm, gm. gm. ‘per cent per cent 
30 Low vitamin B-low | 23 342 246 96 28.0) 14.8-38.6 
fat 
Low vitamin B- 23 342 272 70 | 20.2 2.9-35.9 
high lard 


Low vitamin B- 10 373 283 91 | 24.4) 18 9-29.60 
high hydrogen- 
ated fat 


39 Low vitamin B-low 8) 331 198 133 | 40.2 | 22.0-50.0 


fat 
Low vitamin B- 12 363 253 110 | 30.3 | 11.7-44.5 


high lard 


in the different groups were comparable in weight. They were 
weighed initially, upon the 2nd, 3rd, 6th, and 9th days of the 
experiment, and every 3 days thereafter. They were carefully 
watched and individuals segregated from the rest to prevent can- 
nibalism when they became polyneuritic. Four rats on each diet 
were placed in individual cages and the amount of food consumed 
daily was recorded. 

After the rats had been on these diets for 30 days they were 
killed, and their muscle and liver tissues removed and kept frozen 
until needed for feeding. A few of the rats were continued on the 


| | | | | 

| | | | | 
| 

| | | | | 

ne | | | | | | 
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diets for 9 more days. At this time several of the rats in both 
the high fat and low fat groups showed symptoms of polyneuritis. 
Table III gives the average losses of weight. At the end of 30 
days the animals on the high fat diets had lost a little less weight 
than those on the low fat diets. At the end of 39 days this differ- 
ence in weight was more pronounced. The data in Table IV 
show that the calorie intake of the animals on the high fat diets 
was considerably higher than the calorie intake of the animals on 
the low fat diets. 

‘The muscle tissue from these rats was assayed at several differ- 
ent levels. Table II shows that these tissues were very much 
lower in vitamin B than were the normal tissues and that the tis- 


TABLE IV 
Caloric Intake of Rats on Low Vitamin B-High and Low Fat Diets 


| Calories consumed 


| Calories consumed on | | : 
imed on high hydrogenated 


| Cxalories consumed on 


| low fat diets high lard diets fat diet 

30 | 260 312 78 94.744 55/341/495 271/185 1192 80/420/402 204 105 1131 

31 | 300) 242) 49.837) 56 346 389332, 75.1142, 81339389 284) 50 1062 

214 312193 37,756, 57/278 366/315 143 1102) 82 495 235/327 2591316 

33 160, 344 238 102.844 58, 0.680 434 123 1237, 83/358)216 247/191/1012 
Mean... 222 316 189 70797) 4773141291167, 403.311 266/151 1130 


sues from the animals on the high fat diets were no higher in 
vitamin B than were the tissues from the animals on the low fat 
diets. This proves that the fat had no sparing action on the vita- 
min B content of the tissues and that its action must be accounted 
for in some other way. 

Chick—lIt is a well known fact that the chicken, in common 
with birds in general, requires a large amount of vitamin B in its 
ration (6, 7). It is also well known that birds can ingest large 
amounts of fat. This combination of facts made it appear that the 
sparing action of fats could be investigated to advantage with 
this species. 

Very little work has been done on the vitamin B content of the 
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tissues of birds. Abderhalden (8) assayed dried pigeon liver, 
kidney, and muscle at a 0.5 gm. level. His results have shown 
that the tissues from pigeons on a low vitamin B diet contained 
slightly less vitamin B than the tissues from pigeons on a diet 
adequate in vitamin B. 

In order to determine the vitamin B content of normal chick 
tissues, a few adult male birds which had received the following 
stock diet were killed, and their muscle and livers removed, frozen, 
and assayed at different levels. The diet consisted of yellow corn 
100, wheat bran 100, wheat middlings 100, ground oats 50, ground 
barley 50, meat scrap 75, skim milk powder 25, ground alfalfa 25, 
NaCl 5, and cod liver oil 1 per cent of the ration. The results 
given in Table II show that chicken muscle contains approximately 
the same amount of vitamin B as rat muscle. Chick liver and 
rat liver have about the same vitamin B as rat muscle. 

lor our experimental purpose groups of two adult Plymouth Rock 
male birds were placed on screens and given Diets 5, 6, and 7 
(Table I). In addition they received CaCO; grits ad libitum. <A 
supplement of minerals consisting of CuSO,;-H2O 0.005 gm., 
KeCl;-H2O0 0.050 gm., and KI 0.0005 gm. was added to every 
10 gm. of the grits. These salts were dissolved in a small amount 
of water and dried on the grits. 

The ingredients of the rations minus the fat were mixed to- 
gether, moistened with water, and cooked in an autoclave for 1 
hour at 17 pounds pressure. The rations were then dried at 
37—40°. The low fat ration was ground to about the size of corn 
kernels because chickens prefer to eat their ration in a somewhat 
coarse condition. The high fat ration minus the fat was finely 
ground in order to facilitate a thorough mixing with the fat. 
This gave a somewhat lumpy ration which was readily consumed 
by the chickens. 

The birds were fed these rations for 25 to 28 days and the amount 
of food consumed was recorded. At the end of this period the 
birds had lost considerable weight. Birds on both the high and 
low fat diets showed symptoms of polyneuritis; 7.e., a general lack 
of coordination and sense of balance. They were killed and their 
muscle and livers assayed for vitamin B. As was the case with 
the rat, these tissues were considerably lower in vitamin B than 
were the tissues from the normal birds. Likewise the addition of 
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a high percentage of fat to the diet had no effect on the vitamin B 
content of the tissues (Table II). 

Pig—-According to the work of Hoagland (9), dried pork muscle 
uppears to be a better source of vitamin B than dried brewers’ 
yeast. As the pig has great ability to store fat it is suggested that 
the pig would be a very good animal for demonstrating the 
sparing action of fat. 

Fresh pork ham obtained from a meat market was assayed at 
various levels to secure data for reference. As expected it was 
found to be very rich in vitamin B. As a matter of fact it was 
about 7 to 8 times as rich as beef or rat muscle (Table II). How- 
ever, ham obtained from a young pig weighing about 30 pounds 
assayed considerably lower. Whether or not this was a question 
of age has not been determined. 

For our main experiments two Berkshire pigs weighing 30 and 
34 pounds obtained from the Animal Husbandry Department were 
placed on screens. One was given a low vitamin B-low fat diet 
and the other a low vitamin B-high fat diet. These diets were 
practically the same as those fed to the chickens. The only differ- 
ence was that a casein known to be low in vitamin B was used and 
no CaCO grits were given. Both rations were cooked in the 
autoclave for 1 hour and dried. 5 ec. of cod liver oil were given to 
each pig twice weekly and 25 mg. of Fe and 5 mg. of Cu were given 
daily. The low fat ration was finely ground, moistened with 
water, and fed in the form of a thick slop. The fat was mixed 
with the high fat ration and fed without moistening. 

The animals were fed so that each gained approximately the 
same weight. The pig on the high fat diet did not eat as much of 
its ration as the other. Therefore it was necessary for us to 
regulate the caloric intake of each pig to give equal growth. 

After the pigs had been on the diets for 6 weeks they were 
killed and their tissues assayed for vitamin B. Table II shows 
that these tissues were considerably lower in vitamin B than were 
the tissues from normal pigs. ‘The muscle from the pig on the 
high fat diet was no higher in vitamin B than was the muscle from 
the pig on the low fat diet. Again the addition of fat to the diet 
had no sparing action on the vitamin B content of the tissues. 
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SUMMARY 


1. The responsiveness of our rats to the international standard 
vitamin B preparation obtained from the Health Committee of the 
League of Nations was determined. 10mg. or 1 unit of the prep- 
aration caused an average weekly increase in weight of 11.8 gm. 
in our animals. 

2. 2 gm. of normal rat muscle and 0.25 to 0.5 gm. of rat liver 
contained approximately 1 unit of vitamin B. Approximately 2 
gm. of chick muscle contained 1 unit of vitamin B. Chick liver 
had nearly the same vitamin B content as rat liver. 

3. Pork ham obtained from the meat market contained 7 to 8 
times more vitamin B than rat muscle or beef muscle. Pork 
ham obtained from a young pig contained considerably less vita- 
min B. 

4. Adult male rats receiving low vitamin B-high fat diets main- 
tained a higher ealorie intake and lost less weight than did adult 
male rats receiving a low vitamin B-low fat diet. 

5. Muscle or liver from rats, chickens, and pigs which had been 
fed rations low in vitamin B was found to contain less vitamin B 
than the same tissues taken from animals which had received diets 
adequate in vitamin B. 

6. Muscle or liver from rats, chickens, and pigs which received 
a low vitamin B-high fat diet contained no more vitamin B than 
muscle or liver taken from animals which received a low vitamin 
B-low fat diet. 

7. In general the vitamin B content of dark chick muscle was 
higher than that of light chick muscle. Vitamin B-deficient 
rations depressed the vitamin content of each without quantitative 
relation to the amount of fat included. 

8. It is tentatively suggested that better maintenance on diets 
low in vitamin B but high in fat may be due to better ealoric 
nutrition or possibly to a ketogenie effect now so frequently used 
in the dietary treatment of epilepsy. It is, however, to be remem- 
bered that the rat is not readily subject to ketosis. 


We wish to express our thanks to Lever Brothers Company 
to whom we are indebted for the financial support which made 
this research possible. 
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In Paper I of this series (1), the specific actions of certain pro- 
teins in increasing ester-hydrolyzing or lipolytic actions of a pan- 
creas preparation were described. The importance of considering 
the system as a whole was emphasized. In place of the usual 
method of studying enzyme actions, which consists of removing 
apparently inactive material associated with active enzyme sub- 
stance, the influence of added substances upon the action of the 
enzyme upon a number of substrates was studied. 

In this paper, similar studies with different enzyme preparations 
will be described. The actions of such enzymes in the presence 
of added substances, and the action of one group of enzymes upon 
another, such as proteolytic enzymes upon lipolytic, are of interest 
in the consideration and interpretation of enzyme actions in life 
processes. In such processes one enzyme action rarely occurs 
alone. It seems, therefore, to be essential to carry out enzyme 
studies under apparently more complex conditions as well as to 
simplify enzyme mixtures in the attempt to isolate the active 
principles. 

EXPERIMENTAL 


The methods were essentially the same as those described in 
earlier papers. The tests were limited to ester-hydrolyzing actions 
of the various mixtures with 3.4 milli-equivalents of each of the 
ten esters as before; pH 7.0 initially; actions for 22 hours at 37°, 
these actions corrected only for ester blanks and given in terms of 
tenths of a cc. of 0.1.N alkali required to neutralize the acid formed 
(or tenths of milli-equivalents of acid produced); toluene present 
throughout the experiments. 
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The changes in the lipolytic actions of some beef tissue extracts 
caused by two different proteolytic enzyme preparations will first 
be presented. 

A trypsin preparation, obtained by extracting pig pancreas with 
dilute hydrochloric acid and precipitating with alcohol, and ob- 
tainable in quantity with fairly uniform properties, was first 
tested. In most of the experiments, the trypsin was dissolved in 
the tissue extract or protein solution, allowed to act for 24 hours at 
37°, diluted 50 per cent (generally from 300 to 450 ec.), and 15 ce. 
portions (duplicates) used for the ester-hydrolyzing tests. Tryp- 
sin preparation alone in aqueous solution only showed ester- 
hydrolyzing actions on phenyl acetate and glyceryl triacetate. 
With 1 gm. of trypsin material in 450 cc. of water, or 33.3 mg. per 
15 ec., or 2.2 mg. per cc., the actions on these two esters corre- 
sponded to 0.50 ec. of 0.1 N sodium hydroxide solution. The 
smaller quantities of trypsin material used showed practically no 
ester-hydrolyzing actions under the given conditions. 

The results of the addition of trypsin to the lipolytically active 
materials and inactive proteins will not be given in detailed tables. 
All of the experiments showed the same general behavior so that it 
may suffice to present only the conclusions. 

In every case the added trypsin decreased the ester-hydrolyzing 
(or lipolytic) actions. The amounts of the decreases increased 
with the increase in quantity of added trypsin and with the length 
of time (within certain limits) the trypsin was allowed to act 
before beginning the lipase tests. The absolute amounts of the 
decreases in lipolytic actions with a given quantity of trypsin 
were much the same with the different tissue extracts. With 
large initial lipolytic actions, therefore, after the action of trypsin, 
there might still be considerable lipolytic actions found; whereas 
with small initial actions, practically none would be found after 
the action of the trypsin. The addition of proteins (casein, 
gelatin, and egg albumin) to trypsin solutions did not show in- 
creased ester-hydrolyzing actions of the trypsin solutions. 

Similar results with trypsin on lipase have undoubtedly been 
observed by others. The results obtained in the present study 
are reported for several reasons. In the first place, the comparison 
of the behavior of trypsin and lipase materials deseribed in Paper 
] of this series under similar conditions is of interest. Both were 
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prepared from pig pancreas but by different procedures. In the 
earlier paper, it was shown that pancreatic lipase material when 
ndded to lipolytically active tissue extracts or to lipolytiecally 
inactive protein solution gave selective increases in hydrolyzing 
actions on certain esters. Trypsin on the other hand showed only 
general decreases with no apparent selectivity even in these 
decreases. It seems probable that these different actions are 
present in the original material and not formed in the treatments 
used in the preparation of the two fractions. A number of ex- 
periments carried out with pancreas extracts on similar tissue 
extracts gave results which do not appear to admit of simple 
consideration and therefore will not be given here. If the natural 
pancreas extract contains the different actions which have been 
observed with the two fractions for which results have been pre- 
sented, reasons for this apparent complexity of behavior can be 
seen, and the difficulty of separating the various actions and inter- 
actions of the tryptic and lipolytic enzymes would be apparent. 

Since the action of the trypsin material on the ester-hydrolyzing 
behaviors of tissue extracts was so regular and clear cut, the action 
of an entirely different proteolytic enzyme with the same extracts 
was studied. A pepsin preparation, studied similarly, gave no 
indications of any action, favorable or unfavorable, on the lipo- 
lytic behaviors of the tissue extracts. This may well have been 
due to the fact that all of these experiments were carried out at 
pH 7.0, where pepsin exerts none of its usual action. On the 
other hand, to have treated tissue extracts in a more acid medium 
in which pepsin does act would have destroyed the ester-hydrolyz- 
ing actions because of the acid alone. ‘These experiments, there- 
fore, do not possess any real significance. ‘The vegetable protease 
material, papain, which can act in more nearly neutral medium, 
was used for more extensive study. ‘Two different commercial 
preparations, Papains A and B, were used, Papain B being more 
active than Papain A, although the general results obtained were 
the same with both. 

The lipolytic actions on the esters used of the papain prepara- 
tions in water were limited to the hydrolysis of glyceryl triacetate. 
The averages of a number of experiments follow. Papain ma- 
terial was taken up in water, incubated at 37° for 24 hours, and 
ester added; tested in the usual way, this gave the following 
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titrations with glyceryl triacetate as substrate in terms of ce. 
of alkali. 


Papuin per 15 ce., mg ..... 10.7 | 33.3 
| ce | ce. 
Papain A (action on GI(OAe);)................ | 0.40 | 0 64 


With the smaller concentrations which were used, the actions 
were less than 0.1 ce. 

The tissues and tumors used in the following experiments were 
ground in a meat chopper, extracted with water overnight at room 
temperature, and filtered through paper the following day. In 
many of the experiments 8 gm. of tissue were used with 300 ce. 
of water. This made the final concentration after subsequent 
dilution, ete., correspond to 17.8 mg. of tissue per cc. of solution 
tested. Toluene was present throughout the extraction, filtration, 
etc. In the experiments with papain, the requisite amount of 
solid papain material was added to 300 ce. of tissue extract (which 
had been brought to pH 7.0), and either diluted 50 per cent with 
water at once (15 cc. portions then being pipetted into small 
Erlenmeyer flasks, esters (and toluene) added, and incubated 
for 22 hours at 37°, and then titrated) or incubated for 22 hours 
at 37°, then diluted 50 per cent with water, and the ester-hy- 
drolyzing actions determined. 

The results obtained with beef tissue extracts and papain are 
given in Table I. 

With beef kidney extracts and the smaller amounts of papain 
there were marked decreases in actions on all of the esters. With 
the larger amounts of papain, there were also marked decreases 
on all esters except glyceryl triacetate, for which there were small 
increases. Even considering the papain blank for this ester, 
these actions on glyceryl] triacetate were out of line in comparison 
with the actions on the other esters. 

With beef lung extracts, the decreases for all esters except 
glyceryl triacetate were small for the smaller amounts of papain, 
the decreases increasing with the increase in the quantities of 
papain. With glyceryl triacetate, increases which became quite 
large in some cases were observed when papain was present. 
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With beef liver extracts, in practically every case for all esters, 
decreased actions were obtained with papain present (in a few 


cases the actions were unchanged). 


TABLE I 


The results were quite irregu- 


Ester-Hydrolyzing Actions in Terms of Tenths of Milli-Equivalents of Acid 
Produced by Beef Tissue Extracts Alone and with Added Papain 


Beef kidney and lung extracts 17.8 mg. per ec.; beef liver extract 4.5 mg. 


per ce. 


Beef Kidney 84, Papain A 


Beef Lung 83, Papain A 


Mixed, tested | Mixed, 37°, 24 hrs., 
at once then tested 
Papain per li ce., mg .... 0 3.3 0 | 3.3 | 33.3 0 6.7 16.7 
2.79 | 2.02 2.79 2 23 | 1.47 2.88 | 1.63 
GI(OAc)s........... 3.55 | 1.81 3.63 276395 1.33) 1.43 1.66 
MeOCOPr.......... 0.93} 046 0.75 0.41 061 2.74 2.50) 1.84 
PhCH2OAc......... 1.77/ 0.81 1.91 1.44 1.21) 1.08 0.90 0.75 
144/067 146 1.16) 0.95) 1.05 | 0.83 0.65 
1.33 | 0.60 1.27) 1.05 | 0.87. 1.56 | 1.34} 1.10 
EtOCOPr 1.01 039) 085 0.56 0.49 1.67. 1.47) 1.21 
0.10 0.12 0.08 012 0.04) 0.45 | 0.47 | 0.46 
Mc 0.07 | 0.08 | 0.08 | 0.02. 0.03 | 0.36 | 0.39 | 0.41 
IsobuOAc........... 1.76 | 0.75 | 1.79 | 1.47 | 1.23 | 0.89 | 0.82 | 0.71 
| 

Beef Lung S86, Papain A Beef a 
Papain per 15 ce., mg... 
3.42 | 3.06 2.22 | 3.87 2.76 | 3.09 
GI(OAc)s........... 1.44 | 1.54 | 2.96 | 3.18 | 1.98 | 1.70 
MeOCOPr.......... 2.90 | 2.50} 2.00 3.19 2.70; 2.38 
PhCH.OAc.......... 0.95 | 0.90 0.80) 1.88 1.35 | 1.07 
0.90' 085 0.59! 1.85 1.34) 1.21 
1.46 1.36 0.89 | 2.25! 1.77. 1.68 
EtOCOPr.......... 1.58 | 1.57 1.24} 2.00 2.06 1.74 
044/0.52 051 049 041 0.47 
0.34 0.39 | 0.35. 0.28) 0.30) 0.37 
IsobuOAc ........... 0.88 | 0.86) 0.69 2.11 1.62 0.99 


lar for some series of experiments especially with more concen- 
trated extracts, but the general results, namely decreased actions 
to greater or less extent, were the same. 

The results obtained for the action of papain on extracts of 
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human uterine fibroids and muscle are shown in Table II. The 
differences shown in enzyme actions in fibroids alone and desig- 
nated as Types I and II were presented in detail in earlier 
papers (2). 
TABLE II 
Kster-Hydrolyzing Actions in Terms of Tenths of Milli-Equivalents of Acid 
Produced by Human Uterine Fibroids and Muscle Alone and with 
Papain 
Uterine fibroid and muscle extracts 44.4 mg. per ec.; Papain A; mixed, 
37, 24 hours, then tested, 


Type II fibroid 
extract 


‘Type I fibroid 'Type II fibroid 
extract Extract RISA 


333 | 0 


Papain per 15 ce., mg.....| 0 3.3 | 33 
104 1.05 1.19 2.45) 2.42) 2.65 1.12 0.62 
0.57 1.12 | 3.37 | 0.93 1.53 | 3.07 | 0.50 2.70 
MeOCOPr.......... 0.41 0.51 0.39 | 3.32) 3.44 3.62) 1.88) 1.37 
PhCHMAc......... 0.26 0.30 | 0.38 | 0.53 0.62. 0.68} 0.18 0.23 
0.20 0.30 | 0.34) 1.26 1.34 141 0.76 0.48 
MeOAc....... | 0.28 | 0.35 | 0.40 | 1.32. 1.39 1.45 0.86 0.49 
EtOCOPr...........; 0.20 | 0.32 | 0.24 | 2.89 2.98 3.24 1.69 | 1.19 
(0.19 0.06 0.19) 1.05 1.13 1.23 0.43 0.32 
EtOBz...... ..... 0.02 | 0.10 | 0.11 | 0.87 | 0.91 1.03 | 0.34 | 0.34 
IsobuOAc.........., 0.26 | 0.32 | 0.33 | 0.57 0.61 | 0.60 | 0.15 | 0.28 
| Lterine muscle Uterine muscle | 
Extract R104B Extract R113B 
2.15 | 2-21 | 1.11 | 0.72 | 
0.96 | 1.77 | 0.51 | 2.98 
MeOCOPr.......... 3.32 | 3.43 1.74. 1.34 
PROHOAc......... 0.49 0.51) 0.11 0.20 
1.30 | 1.35 0.5 0.43 
1.38 1.43 | 0.65 0.43 
MAQOOPr.......... | 2.87 | 2.89 | 1.54 1.20 | 
079) 0.33 0.29 | 
0.57 0 26 


IsobuOAc 


| 0.52 


With Type I fibroids, the addition of papain produced no 


differences in the actions on any ester except glyceryl triacetate. 
With this ester, papain caused a large increase in action, increasing 
with the amount of papain added. With Type II fibroid, papain 
produced large increases in the actions on glyceryl triacetate, the 
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increases varying with the different fibroids. On the remaining 
esters, the presence of papain resulted in slight increases or no 
change (as shown by fibroid Extract R104A) or marked decreases 
(fibroid Extract R113A). The results for uterine muscle and 
papain were similar to those for Type II fibroid. 

The ester-hydrolyzing actions obtained when papain was added 
to protein solutions are presented in ‘Table III. 

The actions on glyceryl triacetate were large in every case, 
very much larger than the papain blank given earlier in this paper. 
The actions on the remaining esters were small or negligible, 
probably well within the experimental error for most. 


TABLE III 
Ester-Hydrolyzing Actions in Terms of Tenths of Milli-Equivalents of 
Acid Produced by Papatn in Presence of Proteins 
Protein, 267 mg. per 15 c¢.; Papain B, 16.7 mg. per cc.; mixed, 24 hours, 
37°, then tested. 


Casein Gelatin. Egg albumin 
20 | 2% 2.98 


kor completeness of presentation a comparison of the action 
of the pancreatic lipase material for which results were given in 
the former paper and of papain on the same material (human 
Type II uterine fibroid extract) is given in Table LV. 

The consideration of these results is of interest. With papain, 
increased action was obtained on glyceryl triacetate only. On 
the other hand, increases were more general with the pancreatic 
lipase material. Here, greatest increases were observed on glyc- 
eryl triacetate and benzyl acetate, not as great increases on 
isobutyl acetate, methyl butyrate, and ethyl butyrate, and still 
smaller increases on phenyl acetate, ethyl acetate, and methyl 
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acetate. These relations are brought out more clearly perhaps 
by the values in the last three columns of Table IV, which repre- 
sent the actions corrected for enzyme material blanks. The 
pancreatic lipase material was active in much smaller concen- 
trations than the papain, in so far as its behavior in influencing 
lipolytic activity was concerned. 


TABLE IV 
Ester-H ydrolyzing Actions in Terms of Tenths of Milli-Equivalents of Acid 
Produced by Human Uterine Fibroid Extract Alone and with 
Added Papain and Pancreatic Lipase Material 
Uterine fibroid Extract R112B 44 mg. per ec.; Papain A 16.7 mg. per 15 
ce.; pancreatic lipase material (a) 0.11 mg. per ce., (b) 0.22 mg. per ce.; 
mixed, 37°, 24 hours, then tested. 


Corrected for added 
enzyme material blanks 
Papain material 
A 
(a) (b) (a) (6) 
0.93 | 0.95 | 1.40! 1.50} 0.95 1.38 1.43 
GI(OAc)3..............| 0.44 | 1.22 | 1.61 | 2.11 | 0.82 1.30 1.74 
MeOCOPr.............| 1.70 | 1.60 | 2.16 | 2.58 | 1.60 1.94 | 2.26 
PhCH.OAc............} 0.08 | 0.11 | 1.12 | 1.50; 0.11 0.88 1.21 
Cs es 0.61 | 0.65 | 0.87 | 0.97 | 0.65 | 0.84 | 0.90 
Eee Ae 0.72 | 0.73 | 0.94 | 1.02 | 0.73 | 0.90 | 0.94 
1.53 | 1.57 | 1.97 | 2.25) 1.57 1.85 2.04 
0.40 | 0.48 | 0.51 | 0.51 | 0.48 | 0.51 0.51 
0.36 | 0.42 | 0.43 | 0.43 | 0.42 | 0.438 | 0.48 
feommOAc............. 0.13 | 0.12 | 0.72 | 0.94; 0.12 | 0.66 | 0.80 
DISCUSSION 


The results presented in this paper are essentially experimental. 
Satisfactory explanations or theories to account for the different 
behaviors are not at hand. The most important relations may 
be summarized. Hydrolyzing actions on a number of esters of 
various tissue and tumor extracts were decreased in every case 
by a trypsin preparation from pig pancreas. On the other hand, 
a papain preparation tested with the same extracts showed differ- 
ent and variable behavior. [Tor example, beef kidney extracts 
with small concentrations of papain gave decreased actions on all 
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the esters tested, with large concentrations decreases on all except 
ylyceryl triacetate for which increases were found; beef lung ex- 
tracts, decreases for all except glyceryl triacetate which gave in- 
creases; and beef liver extracts for all concentrations of papain, 
unchanged or decreased actions. With human uterine fibroid 
and muscle extracts, the actions on glyceryl triacetate were 
greatly increased in every case by papain; on the other esters 
either no effect or decreases were observed. The addition of in- 
active proteins to papain increased greatly the actions on glyceryl 
triacetate. 

These results point to the simultaneous actions of a number of 
factors. Papain, itself, has a certain hydrolyzing action on glyc- 
eryl triacetate. The actions were all started at pH 7.0. In the 
course of the actions, the mixtures became somewhat more acid. 
The presence of protein material may be considered to maintain 
the reaction of the medium more nearly at pH 7.0 and so increase 
the actions on glyceryl triacetate in the presence of papain. While 
such action may play a part in the behaviors observed it is not a 
complete explanation as shown in the former paper. Possibly 
proteolytic actions, such as were found with added trypsin, were 
also involved, and the increases, similar to the selective increases 
described previously with the pancreatic lipase material, brought 
about by the added materials, proteins, and possibly other sub- 
stances. The character of the tissue and tumor extracts was 
also involved, since different behaviors were found with the differ- 
ent extracts. 

The comparison of the papain results given here with the pan- 
creatic lipase material results of the earlier paper (one set of com- 
parative results being given in Table IV of this paper) is sug- 
gestive. The pancreas material showed more general actions than 
did the papain. Further study in purifying and concentrating, 
as well as separating into fractions, the enzymically active sub- 
stances of these materials, may give results of interest. The gen- 
eral explanation or, more correctly perhaps, representation of 
enzyme actions in the presence of added substances which modify 
these actions, which was presented in the earlier paper, can readily 
be developed to include the results presented here. 

Attention may be directed to one more relation, to a certain 
extent hypothetical, it is true. but possibly of interest. Papain 
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is used clinically in certain treatments, presumably because of its 
proteolytic action. The results presented here show that papain 
exerts marked hydrolytic action on glyceryl triacetate and that 
this action is greatly increased when proteins and possibly other 
substances are added. Glyceryl triacetate is more nearly allied 
to the natural fats, ete., than any of the other esters studied. It 
may be suggested, therefore, that papain may exert not only 
proteolytic action, but also lipolytic action physiologically, and 
that at least part of its therapeutic value, whatever that may be, 
is due to this lipolytic action. 


SUMMARY 


The actions of some protease preparations upon the ester- 
hydrolyzing actions of a number of tissue and tumor extracts 
were studied. ‘Trypsin, obtained from pig pancreas decreased all 
such actions. Papain showed different actions with different 
tissues; large increases in the actions on glyceryl triacetate being 
found in a number of cases. 

The significance and possible interpretations and applications 
of the results were discussed briefly. 
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The optical rotations of derivatives of the configurationally 
related methylphenyl- and ethylphenylacetie acids are given in 
Table I. 

On the other hand, Levene, Mikeska, and Passoth,! on treatment 
of the amines prepared from the identical acids with nitrous acid 
or with nitrosyl chloride obtained ecarbinols and halides the rota- 
tions of which are recorded in Table IT. 

Thus, the 2-methyl-2-phenylethanol prepared from the amine 
differed in direction of rotation from that prepared by the reduc- 
tion of the ester of the identical parent acid. ‘The discrepancy 
seemed all the more surprising in that the carbinol prepared from 
the amine was purified through the phthalic acid ester and had the 
composition required by theory. ‘True, it was not prepared by 
treatment with nitrous acid but was obtained as a by-product of 
the treatment with nitrosyl chloride. 

In view of this discrepancy the carbinol was now prepared from 
the amine by treatment with nitrous acid. Contrary to the earlier 
result, the dextro-methylphenylacetic acid now yielded a levo- 
rotatory 2-methyl-2-phenylethanol-1. Thus the acid led to the 
same carbinol either by the process of reduction of its ester or by 
deamination of the amine derived from it. For the present we 
have no definite explanation for the earlier result. A priorz, two 
possibilities might have been considered, one being contamination 


1 Levene, P. A., Mikeska, L. A., and Passoth, K., J. Biol. Chem., 88, 27 


(1930). 
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with a very small quantity of highly active substance, perhaps of 
its ether, the other that some rearrangement without loss of 
activity had taken place in the course of the reaction. 


TABLE I 


Rotation of Phenylated Carbozrylic Acids and of Carbinols and Bromides 
Derived from Them 


6H; 
IM\|? (homogeneous) +111.6° —20.7°* —31.0°* 
C.H; CoH; C.H; 
H—C-—-CH2OH  H-—-C—CH.br 
C.H; C.H; CoH, 
(homogeneous) +140° +2.9°F —1.8°T 


* Maximum rotation (Cohen, J. B., Marshall, J., and Woodman, H. E., 
J. Chem. Soc., 107, 900 (1915)). 

+ Experimental values, not maximum (Levene, P. A., and Marker, R. E., 
J. Biol. Chem., 100, 688 (1933)). 


TABLE II 
Rotation of Phenylated Carbinols and Chlorides Derived from Amines 
of Phenylated Carboxylic Acids (Previously Reported by Levene, 
Mikeska, and Passoth*) 


CH 3 CH 
H—C—COOH H- C—CH.OH H—-C—CH Cl 
C.H; C.H, C.H, 
(ether) +89 .5° +22.1° —0.5° 
(homogeneous) +96 .8° —12.5° 
C.H; C.H; C.H 5 
H—C—CoOoOH H—-C—CH>.OH oCl 
oH; C,H; C;H; 
(homogeneous) +139° +28° +17.8° 


* Levene, P. A., Mikeska, L. A., and Passoth, k., J. Biol. Chem., 88, 27 
(1930). 


The action of nitrosyl chloride on the identical amine resulted, 
as in the experiment of Levene, Mikeska, and Passoth, in the 
formation of a levorotatory 2-methyl-2-phenylethyl chloride-1. 


— _— - - - 
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Rearrangements on Treatment of 2-Methyl-2-Phenylethylamine with 
Nitrous Acid and with Nitrosyl Chloride 


It was stated above that the formation of a dextrorotatory 
carbinol under the conditions of the experiment of Levene, 
Mikeska, and Passoth might have been explained on the basis of a 
rearrangement to a secondary carbinol, the rearrangement taking 
place without loss of optical activity. In order to test this possi- 
bility, it was necessary to devise a procedure for assaying mixtures 
composed of the several isomeric carbinols and of a mixture of the 
isomeric chlorides. The procedures employed were the following. 

Carbinols—The primary and secondary phenylated carbinols can 
be separated from the tertiary by condensation with phthalic 
anhydride. The tertiary carbinols do not form the ester but are 
converted into the corresponding unsaturated hydrocarbons. On 
the other hand, the secondary and tertiary carbinols are differen- 
tiated from the primary by their ability to be chlorinated by 
shaking with hydrochloric acid. 

Chlorides—Secondary phenylated chlorides are readily converted 
into the acetates of the corresponding carbinols by shaking with 
silver acetate whereas primary chlorides are not, and tertiary are 
in the main converted into the unsaturated hydrocarbons. On 
the basis of this property the primary ean be freed from the 
secondary and tertiary chlorides. In order to estimate the pro- 
portion of secondary and tertiary chlorides the combined acetates 
are saponified into the ecarbinols and from the mixture the second- 
ary carbinol is separated as the acid phthalic ester, which subse- 
quently is saponified yielding the carbinol. 


Results 


Action of Nitrous Acid—-On shaking with hydrochloric acid, a 
small portion of the carbinols obtained from the amine was chlor- 
inated to about one-third, thus showing that there was present 
about two-thirds of primary earbinol. The major part was con- 
densed with phthalie anhydride and the carbinol obtained on 
saponification of the acid phthalic ester was shaken with hydro- 
ehloric acid. A chloride did not form by this treatment, thus 
demonstrating that the carbinol condensed with phthalie anhy- 
dride contained no secondary carbinol, and that therefore the 
product of diazotization consisted of primary and tertiary car- 
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binols only. ‘The experiment was carried out on the optically 
active amine and inasmuch as the tertiary ecarbinol (dimethyl- 
phenylmethanol) is optically inactive, the ecarbinol obtained 
through the phthalic anhydride was nearly twice as active as the 
original mixture of carbinols. 

Action of Nitrosyl Chloride—-On treatment with nitrosyl chloride, 
a sample of the optically active amine yielded a mixture of chlorides 
which, on shaking with 0.1 N silver nitrate solution, hydrolyzed to 
the extent of 10 per cent, thus showing the presence of 90 per cent 
of the primary halide. The remaining 10 per cent could have con- 
sisted either of the tertiary chloride alone, of the secondary alone, 
or of a mixture of the two. In view of the small proportion of this 
fraction the experiments dealing with this question were carried 
out on the inactive base. The secondary and tertiary chlorides 
were converted into the carbinols by the procedure indicated above 
and the secondary carbinol was separated from the tertiary by 
esterification with phthalic anhydride. From the yield of the 
secondary carbinol the proportion of the secondary chloride was 
estimated as 3 per cent of the total chlorides thus making the yield 
of the tertiary to be 7 per cent of the total chlorides. 

Nature of the Secondary Chlorides—Two isomeric secondary 
chlorides may form as a result of the rearrangement in course of 
the reaction; namely, 


ClCH CH.C,H; and CH.CH:; 


CH; 
I Il 


In a previous article by Levene, Marker, and Rothen,? the 
opinion was expressed that the secondary chloride had the struc- 
ture (II) on the ground that the substitution of the chlorides by a 
carboxyl through the Grignard reaction led to a mixture of acids 
with a dissociation constant corresponding to a mixture of a sub- 
stituted phenylacetic and a substituted benzylacetic acid. Be- 
cause of the belief that a tertiary phenylated chloride does not 
form a Grignard reagent, it was assumed that the substituted 
phenylacetie acid was derived from substance (II). We now find 
that the tertiary phenyliated chloride can be converted through the 


2 Levene, P, A., Marker, R. E., and Rothen, A., J. Biol. Chem., 100, 589 
(1933). 
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Grignard reaction into the corresponding disubstituted phenyl- 
ncetic acid and that therefore our earlier conclusion has to be with- 
drawn, and hence the nature of the secondary chloride for the 
present remains uncertain. In view of the small proportion of the 
secondary chloride formed in the reaction with nitrosyl chloride it 
would require a considerable supply of the amine in order to solve 
the problem. 


Rearrangement of the 2-Methyl-2-Phenylethyl Chloride-1 on Standing 
at Room Temperature 


Incidentally, it may be mentioned that a sample of 2-methyl-2- 
phenylethy] chloride which showed no reaction on shaking with 0.1 
N aqueous silver nitrate, on standing at room temperature for 8 
months, changed in a way to show a loss of 16 per cent of chlorine 
on shaking at room temperature with this reagent, thus showing 
rearrangements to the extent of 16 per cent. Whether the prod- 
uct of rearrangement consisted of the tertiary, of the secondary, 
or of a mixture of the two chlorides remains uncertain for the 
present. 

In Table III are summarized the results of the three reactions 
deseribed in this paper. 


EXPERIMENTAL 
Levo-Methylphenylethylamine, 


41 gm. of methylphenylacetonitrile, = —2.1°(homogeneous) 
(from methylphenylacetic acid, [M]? = +18.7°), were dissolved 
in 50 ce. of glacial acetic acid and 2 gm. of platinic oxide were 
added. ‘The mixture was shaken with hydrogen at about 500 mm. 
pressure until it absorbed no more hydrogen. It was filtered and 
the excess acetic acid distilled off under reduced pressure. ‘The 
product was then dissolved in water, extracted with ether, and 
treated with potassium hydroxide solution. The amine was 
extracted with ether, the ether evaporated off, and the product 
distilled. B.p. 85° at 12mm. D7? = 0.949. 

It was shown that at a pressure of 1 atmosphere or below, this 
amine with glacial acetic acid and platinic oxide is not reduced 
to the cyclohexyl derivative with hydrogen. 


| 
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—3.31° 
= 0.949 = —3.49°; [MJP = —4.71° (homogeneous) 
4.125 my. substance: 12.080 mg. COs and 3.535 mg. HeO 
required 6.19 cc. 0.1 N HCl 
CyHi;N. Calculated. C 79.9, H 9.7, N 10.4 
Found. 0.4," 


Action of Nitrous Acid on Levo-Methylphenylethylamine—20 gm. 
of methylphenylethylamine, [M]?? = —4.6° (homogeneous), were 
dissolved in twice the theoretical amount of 10 per cent sulfuric 
acid cooled in ice. 20 gm. of sodium nitrite in a small amount 
of water were slowly added with stirring and the solution allowed 
to stand 3 hours. The product was heated during 1 hour at 60°, 
cooled, and extracted with ether. ‘The ether extract was dried 
and the product distilled. B.p. 75-95° at 4 mm., showing a mix- 
ture. a = —0.91° (homogeneous). 


3.325 mg. substance: 9.740 mg. CO, and 2.690 mg. H.O 
Calculated. C 79.4, H 8.9 
Found. * 


5 gm. of the above product were shaken with 35 per cent aqueous 
hydrochloric acid. The product was extracted with ether, 
washed with water, and then distilled. The distillate was analyzed 
for chlorine. As only secondary phenylearbinols and tertiary 
phenylearbinols react with cold aqueous hydrochloric acid, this 
reaction permits the estimation of the amount of the combined 
tertiary and secondary carbinols present. Analysis showed the 
product to contain 8.85 per cent of chlorine, or about one-third 
tertiary and secondary carbinols. 

The remainder of the carbinol was treated with phthalic anhy- 
dride by the usual procedure. The phthalate was purified, then 
hydrolyzed to the earbinol by means of potassium hydroxide 
solution. This earbinol boils sharply at 92° at 4mm. _ Yield 10 


gm. 


—1.75° 
—1.75°; = —2.39° (homogeneous) 


= 


The above procedure separates primary and secondary from 
tertiary carbinols as the latter do not form phthalates. 


| 
| 
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5.760 mg. substance: 16.815 img. CO. and 4.570 mg. H.O 
Calculated. C 79.4, 8.9 
Found. 79.6, 8.9 


A 5 gm. lot of the above carbinol purified through its phthalie 
ester was shaken with aqueous hydrochloric acid for 30 minutes. 
It was extracted with ether, washed with water, and then dis- 
tilled. B.p. 92° at 4mm. ‘The specific rotation was unchanged. 
= —1.75°. 

The product was analyzed for chlorine. ‘There was no chlorine 
present, showing that the original product of the treatment of the 
methylphenylethylamine with nitrous acid gives about one-third 
tertiary and two-thirds primary carbinols and no secondary car- 
binol. 

Action of Nitrosyl Chloride on Levo-Methylphenylethylamine— 
20 gm. of methylphenylethylamine, |M]?? = —4.6° (homogeneous), 
were dissolved in 100 ec. of dry ether. ‘The solution was cooled in 
carbon dioxide and alcohol, and a slight excess of nitrosyl chloride 
in dry ether was slowly added. ‘The ether was evaporated off on a 
steam bath and the crude product distilled under reduced pressure. 
The distillate was shaken with a small amount of phosphorus 
pentoxide and then redistilled. B.p. 71° at 2mm. [M]? = —1.2° 
(homogeneous). 


5.895 mg. substance: 15.166 mg. CO, and 3.672 mg. H.O 
6.145 “ 4 : 5.650 “ AgCl 

CoHy,Cl. Calculated. C 69.9, H 7.2, Cl 22.9 

Found. 


12 gm. of the above chloride were converted into the next higher 
acid by means of the Grignard reagent and carbon dioxide. ‘This 
gave a levo acid as previously reported.” 


4.435 mg. substance: 11.895 mg. CO: and 2.960 mg. H,O 
CioH 202. Calculated. C 73.1, H 7.4 
Found. 48 


Separation of Primary, Secondary, and Tertiary Phenyl Chlo- 
rides—100 gm. of methylphenylethylamine were treated with 
nitrosyl chloride in ether at —50°. The chlorides were isolated as 
described before. Yield 50 gm. 


8.410 mg. substance: 7.500 mg. AgCl 
CeH,,Cl. Calculated, Cl 22.9; found, Cl 22.1 
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A test sample was shaken with silver nitrate solution and the 
quantities of secondary plus tertiary chlorides estimated in this 
manner. Thisshowed 10 percent. The total solution was shaken 
during 3 hours with 2 liters of silver acetate soiution. The product 
was extracted with ether and the ether evaporated. The residue 
was then shaken with cold aqueous potassium hydroxide solution 
to hydrolyze the acetates formed. During this process some of 
the primary chloride likewise was hydrolyzed to the carbinol. The 
product was extracted with ether. This solution contained the 
unchanged primary chloride, some primary carbinol, the sec- 
ondary carbinol, and possibly traces of tertiary, and the unsatu- 
rated hydrocarbon derived from the tertiary chloride. The entire 
solution was treated with phthalic anhydride. ‘The phthalates 
were extracted with sodium carbonate. The unesterified fraction 
then contained the primary chloride and the unsaturated hydro- 
earbon. ‘These two were extracted with ether and the ethereal 
solution fractionated. This gave 37 gm. of unchanged chloride 
and 3 gm. of unsaturated hydrocarbon. 


3.924 mg. substance: 13.164mg. CO» and 3.020 mg. HO 
CoHio. Calculated. C 91.5, H 8.5 
Found. 
The phthalates were hydrolyzed with potassium hydroxide solu- 
tion giving 6 gm. of ecarbinol which were shaken with aqueous 
hydrochloric acid and analyzed for chlorine. As the secondary 
phenylearbinols react with cold aqueous hydroehlorie aeid and 
the primary earbinols do not, the percentage of secondary carbinol 
present can be determined. 
6.909 mg. substance: O.S8O mg. AgCl 


CsHiCl. Calculated. Cl 22.9 (for complete chlorination) 
Found. 


This showed about 14 per cent of secondary chloride in the 
hydrolyzed products, or 0.9 gm. of recovered secondary chloride 
from 50 gm. of starting material. As the original material con- 
tained 10 per cent secondary plus tertiary halides, the approximate 
proportions of chlorides formed on treatment of the amine with 
nitrous acid were 
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Rearrangement in 2-Methyl-2-Phenylethyl Chloride-1 on Stand- 
ing~-A sample of the pure primary chloride which gave no test for 
secondary or tertiary chloride (prepared by halogenation of the 
earbinol) was allowed to stand at room temperature during 8 
months. At the end of that time it contained 16 per cent of 
tertiary or secondary chloride, or both. 


| 
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In view of the chemical similarity of caleium and magnesium, it 
is not surprising that a close physiological relationship between 
these two elements should have been found to exist. Thus it is 
known that in infants as well as in experimental animals, injection 
of magnesium salts results in loss of calcium from the body (1). 
Magnesium, like calcium, has been found to be a constant constit- 
uent of bone, although it is present in relatively small amounts 
(2), and there is some evidence that under certain conditions 
magnesium is capable of replacing calcium in bone (3). In the 
serum, moreover, magnesium has been demonstrated by ultra- 
filtration through collodion membranes to be divisible into two 
parts, one diffusible and the other non-diffusible (4). In regard 
to calcium it has been shown that each of these fractions can be 
further separated into two parts by means of adsorption with 
BaSO, (5). It was considered, therefore, of interest to determine 
whether BaSO, could be employed to effect a similar subdivision 
of magnesium in the serum. A study of the partition of mag- 
nesium in serum, obtained by this method, forms the basis of this 
report. Since the application of this technique had been found tuo 
be of value in the investigation of the calcium in milk, data were 
obtained by its use regarding the state of magnesium in milk. 
This included information as to filtrability, which has not, so far 
as we know, been previously reported. 

The methods used were those employed in the work on the 
partition of calcium. For the determination of magnesium the 
precipitation was carried out as in the Briggs method (6), and the 
magnesium ammonium phosphate determined by means of the 
Fiske-Subbarow method (7). This procedure was found to be 
necurate to within less than 5 per cent. 
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Determinations of Various Forms of Magnesium in Normal and in 
Hypercalcemic Serum 


Species 


Chicken 
Dog 


Codfish 


Hen 


* Less than 5 per cent of total, therefore not considered significant. 


Serum 


med. 


tow WwW bo bo 


Sr Gu 
‘ 
~ 
“~ 


Total 


| Ultrafil- 


ct bho 


356 


trate 


ORO 


— 


Magnesium 


22 
13 
33 
10 
24 


00.0 0 
00 0: 


0 


02 10 
81.00 0 
77 0.0 0 | 


0.2) 10 
0.0 0 
0.2) 33 
0.3) 20 
0.0 0 
0.2) 33 
0.0 0 


Torms of Mg in Serum and Milk 


TABLE I 


Adsorbable 
= 
| 
Normal 
| 
per | per 
mid. 
rent cent | 


2.1) 55 |10.6! 


Total inorganie P 


Total Ca 
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WN 
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NT 
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theo 


Hypercaleemic 


Laying period 


No 


~ 


0 0 015, 
00 0 18.5 
10.3; 20 


Remarks 


. 


Calcium gluconate 


Parathyroid extract 


Irradiated ergosterol 


= 
| 
omg. | mg. | mg. 
Rat | 4.9) 3.8] 78 | 
47 0.4, | 
| 3 57 | 0.7 41 | | 
3 | 3 57 | 00 0; | 
| 2 64 32 | 
| 68 | | | 
| 2.2 68 | 10 ; | 
26 68 10 
2 GS 10 | 
104 0 
5 | BS | 
| 25 | 20.9 5 
0 521.2, 21 0.0, 0 j21.4) 2 
3,57 0.5 8 0.0 0 25.3 6H 
Dog 7 14 64 0.0 O 0.5 36/1147 78 — DD | 
00 000 0.17.6 6.8 
221 95 00, 1) 
| Q} 1.5! 75 10.0; O 7.0) 
| 8.2) 1.5 
“ 1.7 0.3) 19 |17.1| 7.2) “ 
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Serum 


In Table I data are presented on the partition of magnesium in 
the serum of normal animals of various species. It may be seen 
that lke calcium, magnesium can be adsorbed by BaSO, from both 
sera and ultrafiltrates. However, the amounts thus removed are 
small, both absolutely and relatively. Whereas an average of 49 
per cent of the calcium in normal serum and 64 per cent of the 
calcium in ultrafiltrates are adsorbable by BaSO, under the con- 
ditions employed, only 14 per cent of the magnesium in serum and 
21 per cent of that in ultrafiltrates are adsorbable. Moreover, 
the difference between the absolute amount of magnesium ad- - 
sorbed from a given sample of serum and that adsorbed from the 
corresponding ultrafiltrate is usually exceedingly small or even 
non-existent. This holds true even when the total magnesium 
content is high. The presence of a non-filtrable, adsorbable form 
of magnesium is therefore not indicated by these experiments. 
However, in order to establish this conclusion a very much larger 
series would be required. With the possible exception of the 
‘ralues obtained in the hypercalcemia of laying hens, the results of 
the analyses point to the existence of only three forms of mag- 
nesium, corresponding to three of the four fractions of calcium, 
viz. the filtrable, adsorbable fraction; the ion-containing fraction 
(filtrable but not adsorbable); and the non-filtrable, non-adsorb- 
able fraction, possibly bound to protein. 

When one examines the partition of magnesium in hyperecaleemic 
sera (lower half of Table I) it is seen that the percentage of the 
adsorbable form is reduced below that in normal serum. Indeed 
in this condition significant amounts of adsorbable magnesium 
were often not found. This fact suggested the possibility of an 
inverse relationship between the amount of this form of magnesium 
and the level of calcium in the serum. It has been shown previ- 
ously (8) that the filtrable, adsorbable calcium is adsorbed in 
combination with phosphorus in the form of a ealetum-phosphorus 
eomplex and that the amount of ealeium adsorbed is inereased 
directly as the concentration of the phosphorus is raised. This 
phenomenon was demonstrated both in ultrafiltrates and in 
solutions containing only the inorganie constituents of ultra- 
filtrates (“artificial ultrafiltrates’’). In the present instance, if 
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the adsorbable magnesium were combined with phosphorus in an 
analogous manner, the amount of magnesium adsorbed would 
likewise depend on the concentration of phosphorus. Moreover, 
if such were the case, both the calcium and the magnesium would 
be, so to speak, competing for the phosphorus, and increasing 
amounts of calcium would tend to depress the formation of a mag- 
nesium-phosphorus complex. Since the concentration of mag- 
nesium in serum is low in comparison to that of caleium the effect. 


TABLE II 
Adsorption by BaSO, of Magnesium from Artificial Ultrafiltrates in 
Relation to Their Content of Calevum 


Composition of solution 
Mg. adsorbed 


Ca P Mug P:Ca 


per cent of total mag. per 100 ce. 


mg. per 100 cc. | mg. per 100 ec. mg. per 100 ce.| 


0 0 0 

0 | 6.4 | ee | x 53 0.9 
6.1 18.3 1.7 3.00 29 0.5 
3.6 1.03 25 0.9 
24 | 1.00 25 0.6 
24 0 0.1 


* MgSO, solution. 


on the adsorption of magnesium of a change in the concentration 
of ealeium would be more noticeable than the reciprocal effect of 
the magnesium on the calcium. 

In order to test the possibility of such an interrelationship be- 
tween the filtrable, adsorbable caleium, magnesium, and phos- 
phorus, the experiments summarized in Table IT were carried out. 
Artificial ultrafiltrates were prepared containing the following 
salts: NaHCOs;, KCl, NaCl, KH.PO, MgSO,, and CaChk. The 
solutions were brought to pH 7.4 by means of CO, and the con- 
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centrations of the first three salts were kept constant at 2.85, 0.235, 
and 5.65 gm. per liter, respectively. The amounts of the last three 
salts were varied so that a series of solutions was obtained having 
the compositions indicated in Table II. Whereas no magnesium 
was adsorbed from a pure solution of MgSQ,, the artificial ultra- 
filtrates contained magnesium (as well as calcium and phosphorus) 
in an adsorbable form and the amount of magnesium adsorbed in- 
creased directly with the concentrations of phosphorus and of 
magnesium and inversely with the concentration of calcium. The 
close parallelism thus existing between the P:Ca ratio and the per 
cent of the total magnesium which was adsorbed suggests that the 
magnesium in ultrafiltrates, like the calcium, is adsorbed by 
BaSO, in combination with phosphorus. Accordingly a relative 
increase in calcium, such as occurs in hypercalcemia, depresses the 
formation of the filtrable, adsorbable type of magnesium. 

The opposite effect, namely the inhibitory action of magnesium 
upon the adsorbability of calcium, may explain the results 
obtained by Kramer, Shelling, and Orent (9) and Shipley and 
Holt (10) in experiments on in vitro calcification. These investi- 
gators have demonstrated that magnesium exerts a specific in- 
hibitory influence upon the deposition of calcium and that the 
addition of sufficient phosphate serves to counteract this tendency. 
In these experiments it is probable that an excess of magnesium 
would lower the level of the adsorbable caleium-phosphorus com- 
plex concerned in calcification whereas an increase of phosphorus 
would raise the level of this complex. 

Since, in normal serum, a filtrable, adsorbable fraction of mag- 
nesium exists which corresponds to the type of calcium involved in 
bone formation, the possibility had to be considered that this 
form of magnesium might be that which is laid down in bone. 
Accordingly, experiments were next undertaken to ascertain 
whether this type of magnesium is capable of being adsorbed by 
ealeifying cartilage. The results are summarized in Table ITI. 
In every case except one (Chick 838) more magnesium was presen 
in the solution after it was shaken with cartilage than before. 
‘This was true even when the artificial ultrafiltrate contained at the 
outset no magnesium and therefore was obviously due to diffusion 
of magnesium from the cartilage into the solution. Adsorption 
of magnesium by the cartilage, if it took place, was thus com- 
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pletely masked and could not be demonstrated by this type of 
experiment. On the other hand, the possibility that, in vivo, mag- 
nesium is laid down in bone by the mechanism of adsorption by 
cartilage is not completely excluded. A _ similar diffusion of 
phosphorus from calcifying cartilage into solutions with which it 
is shaken has previously been demonstrated (8). Under these 
conditions there is little doubt that adsorption of phosphorus 
occurs since it was found that the same form of calcium is adsorbed 
by cartilage and by BaSO, and that the adsorption of this type of 
calcium by BaSO, is invariably attended by a simultaneous ad- 
sorption of phosphorus. Experiments have since been carried out 


TABLE III 
Adsorption of Magnesium from Artificial Ultrafiltrates, Epiphyseal 
Cartilage of Chicks Being Used as Adsorhbent 
The values are given in mg. per 100 cc. 


Composition of artifical ultrafiltrate 

Chick No. Originally After with 

271 6.3 | y 2.4 2.9 | 2.8 
(6.3 7.1 2.4 | 3.4 | 3.8 
R38 6.9 | 44 
ss | 6.9 71 0 47 


in which solutions free from phosphorus or from calcium were 
used. After the period of shaking with calcifying cartilage the 
missing element always appeared in the solution so that one is 
forced to conclude that not only magnesium and phosphorus, but 
even calcium diffuses out of cartilage. In the latter instance, 
however, the diffusion is very small in amount and the adsorption 
comparatively very great. 


Milk 


It has been shown previously (11) that the calcium in both 
human and cow’s milk can be separated, by means of ultrafiltra- 
tion and BaSQO, adsorption, into four fractions corresponding to 
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the four fractions in serum. In Table IV data are presented 
showing the results of the partition of the magnesium in milk by 
means of this method. Only two fractions, a filtrable and a non- 
filtrable form, could be separated by this means, since in no in- 
stance was any magnesium adsorbed from milk by BaSO,;. That 
the method of BaSO, adsorption is not entirely suitable for the 
study of the magnesium partition in milk is evident from the fact 
that adsorbable magnesium was found in the ultrafiltrates but not 
in the original milk samples. This may indicate the presence in 
milk of some inhibiting substance or that ultrafiltration brings 
about a change in the physical state of the magnesium. ‘The only 


TABLE IV 
Determination of Various Fractions of Magnesium in Milk 


The values are given in mg. per 100 ce. 


Magnesium 


Kind of milk | Total Adsorbable — Brtemmang™ 
| 
| Mille filtrate Milk | filtrate 

13.4 | 8.4 0 0.3 118.8 69.4 
22.4 8.8 0.6 | 122.4] 74.5 
irradiated...) 13.5 | 8.0 0 0.9 | 108.0) 6S 
5.0| 2.7 0.3 23.4 7.4 
43 


conclusion which can be drawn from the figures presented is that 
if adsorbable magnesium does occur in milk it is present in exceed- 


ingly small amount. 
SUMMARY 


Magnesium, like calcium, was found to be adsorbable by 
BaSO, fromm normal sera and ultrafiltrates. By this technique 
magnesium was partitioned into the following three forms: a fil- 
trable, adsorbable form, the remaining filtrable fraction containing 
magnesium ion, and a non-filtrable form, possibly bound to protein. 

In hypercalcemia the level of adsorbable magnesium in the 
serum was found to be reduced to such an extent that it was fre- 
quently impossible to detect significant amounts. 
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By means of artificial ultrafiltrates it was shown that the concen- 


tration of adsorbable magnesium varies directly with that of the 
phosphorus and inversely with that of the calcium. These rela- 
tionships suggest that magnesium, like calcium, is probably ad- 
sorbed in combination with phosphorus. 


A similar partition of the magnesium in milk could not be aceom- 


plished. Although the degree of filtrability of the magnesium was 
approximately the same as in serum, the presence of an adsorbable 
form of magnesium in milk could not be demonstrated. 


10. 
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University of Arkansas, Fayetteville) 


(Received for publication, July 10, 1933) 


Most of the methods described in the literature for the determin- 
ation of fatty acids require much larger amounts of blood than 
could be supplied by small experimental animals without injuring 
them for chemical investigation. The gravimetric method (1) 
by which lipid constituents are isolated and weighed is tedious, 
and the large amount of blood which is necessary for gravimetry, 
makes the method unsuitable for microdeterminations. The 
oxidation of fatty acids during the process of drying alters the 
composition of the lipids (2). Nephelometry is inaccurate be- 
cause changes of temperature and increase or decrease of the 
amounts of the various fatty acids and lipids in any solution will 
produce a variation in the degree of dispersion (3). Bang’s 
oxidation method is not specific for lipids (4). The calcium pre- 
cipitation method seemed too uncertain to attempt. There is 
present in the blood a substance precipitated with acid but not 
with calcium. Whether this acid-precipitable material is a fatty 
acid or some other type of compound remains to be decided by 
further investigation. In the meantime, calcium precipitation 
cannot be relied upon for the determination of blood fatty acids 
(5). 7 

The method described in this paper is a combination and modifi- 
cation of the methods published by Bloor, Pelkan, and Allen (5) 
and Stoddard and Drury (6). 

Bloor, Pelkan, and Allen (5) extracted 5 ml. of blood plasma with 
an alcohol-ether 3:1 mixture, saponified with saturated sodium 
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hydroxide, and liberated the fatty acids from the soap by reprecipi- 
tating with dilute sulfuric acid. The fatty acids were extracted 
with hot alcohol, the filtrates evaporated to small volume, and the 
results determined nephelometrically. 

Stoddard and Drury used 5 ml. of whole blood, plasma, or 
serum. The preliminary steps in the determination of the fatty 
acids were the same as those used by Bloor, Pelkan, and Allen. 
Stoddard and Drury, however, liberated the fatty acids by salting 
out the soaps with 30 per cent hydrochloric acid. The fatty acid 
suspension was filtered through a Gooch crucible, washed with 
boiling alcohol, and the filtrate titrated with approximately 0.02 
sodium hydroxide. 


EXPERIMENTAL 


An attempt was made to utilize the Stoddard and Drury method 
in its entirety for the extraction of fatty acids from 0.5 ml. of 
blood. Close checks could not be obtained with duplicate samples 
and the results were invariably above the average maximum. 

A solution of alcohol-ether 3:1 mixture containing 60 per cent 
oleic and 40 per cent palmitic acid was prepared in such concen- 
tration as to contain 2.5 mg. of fatty acid in 1 ml. of solution. 
The amount of fatty acid recovered was always greater than the 
original amount started with. 

A brief resumé of the combination and modification of the two 
methods will be mentioned here simply as an_ introduction. 
Details are given in the general description. The fatty acids from 
0.5 ml. of blood are extracted with alcohol-ether saponified with 
potassium hydroxide instead of sodium hydroxide, and the fatty 
acids reprecipitated with dilute sulfuric acid. The fatty acids are 
then extracted in hot benzene and titrated with approximately 
0.02 N potassium alcoholate. 

The experimental results of saponification, reprecipitation, and 
titration are summarized in Tables I to III. Each result tabu- 
lated in Table I, which shows the quantitative recovery of oleic 
acid, is the average titer for three samples. The alcohol-ether- 
oleic acid mixture was placed in 50 ml. Erlenmeyer flasks and 
saponification carried out on a water bath at a temperature of 
65-75°. The fatty acid extracts from whole blood and extracts 
from whole blood with oleic acid added were similarly treated, 
care being taken to keep the temperature at the range stated above. 
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TABLE I 
Quantitative Recovery of 1.4 Mg. of Oleic Acid Titrated with Approzi- 
mately 0.02 nN Potassium Hydroxide Saponified in 50 Ml. 
Erlenmeyer Flasks 


o> of Titer of oleic acid eee of Recovery 

N ml, ml, per cent 
0.0225 0.21 0.222 94.6 
0.0229 0.21 0.218 96.3 
0.0173 | 0.28 0.289 96.9 
0.0208 | 0.23 0.240 95.8 
0.0232 | 0.21 0.215 97 .6 
0.0224 | 0.22 0.223 98 .6 
0.0208 0.24 | 0.240 100.0 

TABLE II 


Determination of Fatty Acids from Duplicate 0.375 Ml. Samples of Alcohol- 
Ether Extracts of Whole Blood of Albino Rat, Titrated with 
Approximately 0.02 n Potassium Hydroxide 


Concentration of KOH | Titer of blood fatty acids Fatty we ml. whole 
N ml. mM 

0.0225 0.20 0.0120 

| 0.19 0.0114 
0.0192 0.22 0.0113 
0.20 0.0103 

0.0209 0.21 0.0117 

0.21 0.0117 

0.0211 0.19 0.0107 

0.18 0.0101 

0.0231 0.17 0.0105 

| 0.18 0.0111 


TABLE III 


Quantitative Recovery of 1.4 Mg. of Oleic Acid When Added to 0.375 Ml. of 
Alcohol-Ether Extract of Whole Blood 


Ti f blood . 
Concentration | Titer of blood mel acids Titer of oleic a — Recovery of 
of KOH fatty acids +41.4 oleic aci oleic acid 
aci 
ml, ml. ml. per cent 
0.0204 0.21 0.44 0.23 0.245 93 .9 
0.0217 0.18 0.40 0.22 0.230 95.6 
0.0224 0.17 0.39 0.22 0.223 98 .6 
0.0230 0.16 0.37 0.21 0.217 96.8 
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Table II shows the titer of fatty acids obtained from 0.5 ml. of 
duplicate samples of whole blood taken at biweekly intervals, 
from a normal mature albino rat. 

Duplicate samples of blood were also used in Table III. The 
fatty acid titer was obtained from one sample and from the other 
the titer of blood fatty acid and oleic acid combined. 

The oleic acid titer is the difference between the two. The 
junior author has made many tests with oleic acid and obtained an 
average of 97 per cent recovery. 


Determination of Fatty Acid from Whole Blood 


Reagents 

1. Aleohol-ether mixture (3 parts absolute aleohol and 1 part 
anhydrous ether). The aleohol is_ redistilled over potassium 
hydroxide (purified by alcohol) and the ether is made peroxide- 
free (7). 

2. Saturated potassium hydroxide prepared from potassium 
hydroxide purified by alcohol. 

3. Dilute sulfuric acid (1 volume of concentrated HeSO, and 3 
volumes of distilled water). 

4. Thymol blue (pH 8.0 to 9.6) and phenolphthalein (pH 8.3 to 
10.0). 

5. 0.02 N potassium alcoholate, prepared from the saturated 
solution of KOH, by diluting with 97 to 99 per cent alcohol. This 
potassium alcoholate is standardized against 0.02 Nn H.SO, before 
each titration. 

6. Distilled water. 

7. Pure benzene, thiophene-free. 

8. Heparin! (1 mg. is an anticoagulant for 100 ml. of blood). 

Extraction—The blood is obtained by peripheral bleeding. The 
small drops are allowed to fall on a watch-glass upon which is 
placed 1 drop of the anticoagulant, heparin, an equivalent of 
0.00625 mg. 0.5 ml. of the non-coagulated blood is measured 
with a 0.5 ml. Kramer-Gittleman blood pipette, and transferred 


1 Peters and Van Slyke (8) suggest 1 mg. of heparin as an anticoagulant 
for 100ml. of blood. We use 1.25 mg. per 100 ml. of blood or 0.00625 mg. for 
0.56 ml. The heparin was dissolved in distilled water at such a concentra- 
tion that 1 drop of solution from a special pipette contained 0.00625 mg. 
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drop by drop into 20 ml. of an aleohol-ether, 3:1, mixture contained 
in a 50 ml. graduated centrifuge tube. The slow admission of the 
blood to the extraction solution produces a finely divided blood 
precipitate. The centrifuge tube is then stoppered and vigorously 
shaken for 1 minute. While the alcohol is coagulating the blood 
proteins the vigorous shaking prevents clumping. The tube is 
then placed in hot water and stirred with a glass rod to keep the 
solution in constant motion until it comes to a boil, after which it 
is cooled, centrifuged, and made up to original volume. 15 ml. of 
the aleohol-ether extract of the blood, which is an equivalent of 
0.375 ml. of whole blood, are then measured into a 50 ml. Erlen- 
meyer flask and placed on a water bath to evaporate. 

Evaporation—15 ml. of the aleohol-ether mixture containing no 
blood filtrate are used as a blank. This is allowed to evaporate 
simultaneously with the same volume of a similar solution con- 
taining the blood sample. 0.5 ml. of distilled water is added to 
each of the blood filtrate samples and also to the blank in order to 
speed up hydrolysis. 

It is not known precisely just what fatty acids are present in 
rat blood, but it is generally conceded that saturated and unsat- 
urated fatty acids exist there together. The doubtfulness con- 
cerning their characteristics leaves their solubility in water and 
their volatilization temperatures as uncertainties. The best 
checks of the fatty acid content of duplicate blood samples are 
obtained when the extracts are evaporated on a water bath at a 
temperature of 65-75°. High evaporation temperatures give 
low results. 

Saponification—-After the 15 ml. of aleohol-ether solution are 
evaporated to approximately one-half the original volume, 0.1 ml. 
of saturated potassium hydroxide is added to the sample and the 
evaporation continued until the odor of aleohol has completely 
disappeared. It is very important to free the soap from aleohol., 
because the titrimetric method used for the quantitative determin- 
ation of the fatty acids depends upon their being insoluble in 
water. Even a trace of aleohol may change the solubility coeffi- 
cient. 

It was found that during evaporation and saponifieation, the 
samples were susceptible to carbon dioxide absorption from the 
surrounding atmosphere and that the amount of carbon di- 
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oxide absorbed increased in the presence of a lighted Bunsen gas 
burner.’ 

Separation of Fatty Acids—After the alcohol and ether have been 
evaporated and the saponification of the fatty acids completed, 1 
drop of thymol blue is added to the mixture and sufficient dilute 
sulfuric acid to change the color from blue through yellow, to pale 
pink. If more liquid is needed to dissolve the soap completely, a 
drop or two of distilled water are added. 

The flask is kept in motion while the potassium sulfate crystals 
are forming, and at the same time the carbonic acid reaction in 
the mixture goes to completion, as is evidenced by the escaping 
bubbles of carbon dioxide gas. 

The fatty acid mixture is then placed in a desiccator which is 
partially evacuated by suction. When suction is removed, the 
air returning to the desiccator is deprived of its water and carbon 
dioxide by contact with soda-lime and calcium chloride. The 
flasks generally remain in the desiccator overnight. 

Extraction with Benzene—-The potassium sulfate-fatty acid 
mixture is dissolved in 15 ml. of distilled water at a temperature of 
60°. The solution is transferred to a 50 ml. graduated centrifuge 
tube. 10 ml. of hot benzene are added to the flask, the bottom 
and sides carefully washed by using a rubber policeman, and the ben- 
zene transferred to the tube containing the fatty acid mixture. The 
tube is then stoppered, shaken vigorously for 1 minute, and cen- 
trifuged for 1 minute at 700 revolutions per minute. 

The benzene-fatty acid layer is removed by means of a Pasteur 
pipette.2 The process of extraction is twice repeated, 5 ml. of hot 
benzene being used each time. ‘The total volume to be titrated is 
20 ml.‘ In order to rid the benzene from traces of sulfuric acid 
with which it comes in contact during frequent shaking and cen- 
trifuging it is washed with freshly boiled distilled water, cooled to 


2 Credit for this is due Dr. Anna E. Church, Department of Chemistry, 
University of Alabama, ‘Tuscaloosa. 

* In our studies on lipid metabolism we have used the water residue for 
the determination of lecithin. 

‘ All fatty acid mixtures, after titration, are collected and washed with 
equal volumes of water; the benzene is separated in a separatory funnel and 
completely recovered, by distillation, under reduced pressure, an electric 
plate being used for the heating of the material to be distilled. 
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60°, centrifuged for 1 minute, removed from the water layer by 
Pasteur pipette, and titrated hot. 

Titration—The fatty acids dissolved in 20 ml. of hot benzene are 
titrated with approximately 0.02 N potassium hydroxide, made up 
in aldehyde-free 97 to 99 per cent aleohol.® Potassium alcoholate 
is unstable; therefore it is prepared in small quantities and stand- 
ardized against 0.02 N sulfurie acid for each titration. The indi- 
eator is 1 drop of phenolphthalein and the titration is brought to 
the end-point which exists for approximately 3 minutes. 

Calculations—The normality factor of KOH X ml. of KOH used 
for titration = mm of fatty acids titrated. (mm of fatty acids 
titrated K 100)/0.375 ml. (volume of blood represented in the 
sample) = mm of fatty acids in 100 ml. of blood. 

Thus far in our caleuiations we have expressed the results in 
milli-equivalents of fatty acids. To translate mm into the gravi- 
metric system, multiply the mm per 100 ml. of blood by 277.2, the 
average molecular weight for fatty acids as they usually occur in 
blood (6). This will give mg. per 100 ml. of blood. 


SUMMARY 


This method is a combination and modification of the Bloor, 
Pelkan, and Allen and Stoddard and Drury methods, for the 
determination of fatty acids from 0.5 ml. of whole blood. The 
blood is extracted in a 3:1 aleohol-ether solution, the extract 
saponified with saturated potassium hydroxide, and the fatty 
acids reprecipitated with dilute sulfuric acid. <A distinet modifi- 
cation of the methods occurs at this point in the procedure. The 
fatty acids are extracted in hot benzene, washed with boiled dis- 
tilled water in order to free them from traces of inorganic acid, 
and titrated with approximately 0.02 N potassium aleoholate. 


> The most reliable concentration of potassium alcoholate to use for the 
titration of fatty acids extracted in benzene was worked out in cooperation 
with Dr. L. Samuels, University of Chicago, 1930, now at the University of 
Southern California, Los Angeles. The isolation of fatty acids in benzene 
and their determination by titration were recommended by Dr. F. C. Koch, 
Head of the Department of Physiological Chemistry, University of Chicago. 
For this part of the method the authors are indebted to Dr. Koch for his 
suggestions and supervision, and to Dr. Samuels for his cooperation, 
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(Received for publication, September 27, 1933) 


Since d-cystine was found to be incapable of supporting growth 
when added to a cystine-deficient diet (1), we became interested in 
the question of whether the internally compensated inactive iso- 
mer, mesocystine, could be utilized for this purpose. We also saw 
in such a study the possibility of obtaining information concerning 
the ability of the body to bring about reduction of the meso form, 
and thus of throwing light on the specificity of this reaction from 
the standpoint of spatial configuration. 

We have also studied the growth-promoting properties of the 
racemic isomer in order to have adequate control experiments for 
the studies with mesocystine. It seemed to us more desirable to 
compare mesoeystine with the raecemie compound instead of with 
the naturally occurring /-cystine, since in the feeding of the racemic 
isomer d-eystine would be administered in addition to /-eystine 
and furthermore in an amount equivalent to that potentially pres- 
ent in an equal weight of mesocystine. Control experiments were 
tlso run with animals receiving d-cystine, as well as the usual con- 
trol experiments with animals on the basal diet without supple- 
ment. These experiments on d-eystine were of additional interest 
to us since they afforded us an opportunity of repeating our earlier 
growth studies with d-eystine on a diet which contained less casein 
than the one we had previously employed (1). 

The utilization of inactive cystine has already been investigated 
by Lawrie (2) who found that the growth-promoting power of the 
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inactive eystine was from one-third to two-thirds that of l-cystine. 
However, no definite information regarding mesocystine could be 
drawn from this investigation, since the inactive cystine employed 
undoubtedly contained both meso and racemic isomers. The study 
with the pure isomers was therefore necessary. 


EXPERIMENTAL 


The meso-, di-, and d-cystine were prepared by the methods 
already described (1, 3). The samples were all carefully purified, 
and each possessed a constant solubility, regardless of the amount 
of solid phase used in the solubility determination, indicating a 
high degree of purity. The d-cystine had a specific rotation of 
[a]? = +221°. 


TABLE I 
Food Consumption 


— 


Rat No. and | Daily food Cystine | Rat No. and Daily food | Cystine 
consumption supplement sex | consumption supplement 
| qgri. | gin. 
20407 7.6  Meso- 210 9 6.7 dl- 
205 S.4 211 8.2 
mo. 212 4.1 d- 
207 | 8.0 213 4.7 
208 | 7.9 | dl- 216 4.3 


The cystine-deficient diet used was similar to the one employed 
in the study of the utilization of homocystine (4), except that the 
diet in this investigation contained 6 instead of 5 per cent casein. 
The diet had the following composition: casein 6.0, dextrin 37.0, 
sucrose 15.0, lard 19.0, cod liver oil 5.0, salt mixture (Osborne and 
Mendel (5)) 4.0, agar 2.0, and milk vitamin concentrate! 12.0. It 
was fed ad libitum and a record kept of the food consumption, 
which is given in Table I. The eystine isomers were fed sepa- 
rately in the form of small dextrin pills, one-half the daily dosage 
being given every 12 hours. 

A litter of twelve rats was used. The animals were divided 


'The authors wish to thank Dr. Supplee of the Research Laboratories 
of The Dry Milk Company, Inc., for a liberal supply of the milk vitamin 
concentrate which was used in this investigation. 
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into four groups, two containing four animals each and two con- 
taining two animals each. Those in one group of four received 
40 mg. of mesocystine as supplement daily, while those in the 
other group of four received 40 mg. of d/-eystine. ‘This level was 


CHART I | (123) 
(133) 


Number and sex of 
rat shown on extreme 
left. The numbers in 
parentheses denote 
the initial and final 
weights of the rats. 


(119) 


(107) 


Cuart I 


taken in order to have the growth curves comparable with those 
obtained in past experiments with [-cystine, in which we have 
usually fed 20 mg. One group of two animals was kept on the 
basal diet with no supplement, while the other group of two rats 
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received 20 mg. of d-cystine, affording as much d-cystine as was 
either actually or potentially present in the above supplements. 
‘The growth curves of representative animals from each group are 
viven in Chart I. All the animals within each group reacted con- 
sistently the same; the other curves are omitted for the sake of 
space. 


DISCUSSION 


The addition of mesocystine to the cystine-deficient diet en- 
abled the animals to grow at a rate strikingly in contrast to that 
of the control animals on the basal diet without supplement. In 
fact, the latter animals and those receiving d-cystine actually lost 
weight during the course of the experiment. 

It is particularly significant that the same rate of growth was 
obtained with the mesocystine as with the racemic isomer. ‘This 
latter observation, when taken into consideration with the fact 
that the d-cystine is incapable of supporting growth, would lead 
one to conclude that only the levo half of this internally compen- 
sated molecule had been utilized for growth purposes. In order 
for the body to utilize this levo portion it would seem that reduc- 
tion of mesocystine must necessarily first occur. In this way from 
1 molecule of mesocystine 1 molecule of l-cysteine and 1 of d-cys- 
teine would be formed. The /-cysteine would thus be made avail- 
able. It is well known that /-cysteine is readily convertible to 
l-cystine in the body (6), and, in fact, it has been shown that 
l-cysteine itself will support growth when fed to rats on a cystine- 
deficient diet (7). There is also much work which indicates that 
normally the first step in the catabolism of l-cystine is the reduc- 
tion of the disulfide to the sulfhydryl form (8-11). 

If reduction does take place in the utilization of mesocystine, 
which we feel is strongly indicated, the reduction of cystine to 
cysteine is evidently not specific from the standpoint of spatial 
configuration. If the body can reduce mesocystine, it would be 
logical to expect that d-cystine should also be reducible and there- 
fore its lack of utilization could not be due to inability of the body 
to reduce it to the sulfhydryl form if such a step were a requisite 


one. 
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SUMMARY 


It has been shown that mesocystine is capable of supporting 
vrowth when added to a cystine-deficient diet, affording as good a 
rate of growth as that obtained with the racemic isomer. It has 
been suggested that the body brings about the reduction of the 
internally compensated mesocystine, making available /-cysteine 
which is then utilized for growth purposes. 

The possible significance of this interpretation in relation to the 
specificity of this reduction reaction from the standpoint of spatial 
configuration has been pointed out. 

Our previous results showing that d-cystine does not promote 
growth when added to a cystine-deficient diet have been confirmed. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE 
BACILLI 


XXXVII. THE SYNTHESIS OF PHTHIOCOL, THE PIGMENT 
OF THE HUMAN TUBERCLE BACILLUS* 


By R. J. ANDERSON anp M. S. NEWMANT 
(From the Department of Chemistry, Yale University, New Haven) 


(Received for publication, October 6, 1933) 


There occurs in the human tubercle bacillus a pigment which we 
isolated in the form of yellow prismatic crystals (1). The composi- 
tion of the pigment corresponds to the formula C,,HsO3 and we 
have shown that this substance, which we named phthiocol, is 
2-methyl-3-hydroxy-1,4-naphthoquinone (2). 

Phthiocol is present in very minute amounts in the bacillus; 
hence it is obviously impossible to secure more than traces of the 
substance from this source. In view of the fact that certain 
metabolic products of the tubercle bacillus may possess important 
biological properties, it seemed highly desirable to.be able to pro- 
duce a compound such as phthiocol by synthetic methods in order 
that the substance might be made available for experimental work. 

The present report describes methods by which phthiocol can 
be prepared from 2-methylnaphthalene. We have, therefore, not 
only confirmed the constitution assigned to phthiocol but also de- 
vised means by which it can be obtained in quantity at a relatively 
low cost. 

The synthetic production of phthiocol proved to be more difficult 
than we had anticipated. We expected that 2-methyl-1,4-naph- 
thoquinone, prepared by oxidation of 2-methylnaphthalene, would 
react with acetic anhydride and sulfuric acid in the same way as 


* The present report is a part of a cooperative investigation on tubercu- 
losis; it has been supported partly by funds provided by the Research Com- 
mittee of the National Tuberculosis Association. 

t+ Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1932-33. 
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naphthoquinone (3) and yield the triacetate of 2-methyl-1,3,4- 
hydroxynaphthalene and that the latter substance on saponifica- 
tion and oxidation would give the desired hydroxyquinone. It 
was found, however, that 2-methyl-1 ,4-naphthoquinone did not 
react with acetic anhydride and sulfuric acid. A number of other 
attempts were made to hydroxylate the quinone by means of 
amino or bromine derivatives but they all failed. 

The desired 2-methyl-3-hydroxy-1 ,4-naphthoquinone was fi- 
nally obtained by the action of alkali on 2-methyl-1 ,4-hydroxy- 
naphthalene or preferably on the diacetate of this compound. 
When an alcoholic solution of the diacetate of 2-methyl-1,4- 
hydroxynaphthalene is mixed with alkali, the acetyl derivative is 
saponified almost instantaneously and the solution turns intensely 
dark red in color owing to the formation of the alkali salt of 
phthiocol. The mechanism of the reaction is obscure but it is 
evident that in the saponification of the acetyl derivative by alkali 
the unstable hydroquinone, which is formed at first, is partly 
oxidized. Some of the original quinone is apparently also formed, 
together with a large amount of a purple-colored compound. 
Owing to the formation of these products, the maximum yield of 
phthiocol is only about 12 per cent of the theoretical. 

The synthetic phthiocol is most conveniently isolated from the 
reaction mixture by distillation with steam after the alkaline solu- 
tion has been acidified. ‘The steam-volatile material is extracted 
with ether and the phthiocol is removed from the ethereal solution 
by extraction with dilute alkali. The alkaline solution is acidified, 
extracted with ether, and the ether is evaporated. The yellow 
crystalline product thus obtained is purified by crystallization 
from dilute methyl alcohol. The substance is identical in appear- 
ance and in properties with natural phthiocol. 


EXPERIMENTAL 


Preparation of 2-Methyl-1 ,4-Naphthoquinone—2-Methylnaph- 
thalene was oxidized according to the method described in Houben 
(4). To a solution of 800 gm. of chromic acid in 1500 cc. of 80 
per cent acetic acid was added slowly through a dropping funnel 
a solution of 200 gm. of 2-methylnaphthalene in 2000 cc. of glacial 
acetic acid. The reaction mixture was stirred vigorously by 
means of a mechanical stirrer and the temperature was kept below 
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20° by cooling with ice. The solution, after it had stood at room 
temperature for 3 days, was poured into a large volume of water 
and the precipitate was filtered off and washed with water. The 
crude quinone thus obtained was purified by distillation with steam 
after which it was crystallized from dilute methyl aleohol. The 
vield varied from 29 to 37 per cent of the theoretical. The puri- 
fied product was obtained in the form of beautiful yellow prismatic 
crystals which possessed a faint quinone-like odor; the product 
melted at 104-106°. 

The 2-methyl-1 ,4-naphthoquinone has been prepared by ries 
and Lohmann (5) who reported a melting point of 104° and also by 
Madinaveitia and Burruaga (6) who give the melting point as 
106°. 

For analysis the substance was dried at room temperature in a 
vacuum desiceator over sulfurie acid. 


0.1000 gm. substance: 0.0433 gm. H.O, 0.2817 gm. CO. 
C,,HsO0. (172). Calculated. C 76.74, H 4.65 
Found. 76.82, “ 4.84 


The quinone when exposed to light is rapidly changed. ‘The 
eolor fades until the erystals are nearly white and there is a decided 
change in the melting point. It was observed that a sample of 
the quinone, after it had stood in a glass-stoppered bottle in diffuse 
light for about 2 weeks, was nearly white and when heated the 
substance sintered at 101° but was not completely melted until 
170°. No change in color was noticed when the quinone was kept 
in a dark place. 

Oxvime of 2-Methyl-1 ,4-Naphthoquinone—TVThe monoxime 
formed when the quinone is treated with hydroxylamine. ‘The 
quinone, 1.72 gm., was dissolved in 17 ec. of pyridine and 0.7 
gm. of hydroxylamine hydrochloride dissolved in 1 ce. of water 
was added. After the solution had stood for 1 day at room tem- 
perature, it was poured into cold dilute hydrochloric acid. A dark 
colored oil separated but on standing in the ice box the oil solidi- 
fied. The substance was filtered off, washed with water, and 
crystallized three times from dilute alcohol after the solution had 
heen treated with norit. It was finally erystallized from absolute 
methyl aleohol and separated in large buff-colored erystals which 
melted at 166-168". 


C,,;H»O2N (187). Calculated, N 7.48; found, N 7.12, 7.19 
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Attempts to Acetylate 2-Methyl-1 ,4-Naphthoquinone—Several 
unsuccessful experiments were made to acetylate the quinone 
directly by means of acetic anhydride and sulfuric acid according 
to the method of Thiele and Winter (3). In every case, however, 
the unchanged quinone was recovered. When the reacting 
solution was warmed, it decomposed and turned black. Other 
experiments in which we tried to introduce the hydroxyl group by 
means of amino and bromine derivatives were equally unsuccessful. 

Preparation of Diacetyl Derivative of 2-Methyl-1,4-Hydrory- 
naphthalene—The diacetyl derivative was prepared as follows: 
10 gm. of the quinone, 5 gm. of fused sodium acetate, 10 gm. of 
zine dust, 25 ce. of glacial acetic acid, and 100 cc. of acetic anhy- 
dride were refluxed for 0.5 hour. The color turned brownish red 
on heating to boiling but the solution soon became colorless. ‘The 
reaction mixture was decanted into water and the undissolved 
zine was rinsed twice with hot glacial acetic acid,.the washings 
being added to the aqueous solution. The white solid acetyl 
derivative which separated when the acetic anhydride had decom- 
posed was filtered off, washed with water, and dried in vacuo. 
The yield was 14.45 gm. or 96 per cent of the theoretical. The 
substance crystallized in colorless prisms from dilute methyl 
aleohol and melted at 114°. A melting point of 113° has been 
reported for the diacetate by Fries and Lohmann (5) and 112° by 
Madinaveitia and Burruaga (6). 

Solutions of the diacetyl derivative exhibit a beautiful bluish 
fluorescence, and the crystalline substance, especially large crystals, 
shows the same phenomenon. 

For analysis the substance was dried at room temperature in a 
vacuum desiccator.! 


4.058 mg. substance: 2.00 mg. H.O, 10.39 mg. CO. 
(258). Calculated. C 69.76, H 
Found, 69.83, 


or or 
~ 


a2 


Preparation of 2-Methyl-3-Hydroxy-1 ,4-Naphthoquinone—As in- 
dicated above, it was impossible to introduce a hydroxy group in 
position (3) by the usual methods. It was noticed, however, that 
the addition of alkali to an alcoholic solution of the diacetate of 


1 We are indebted to Professor H. T. Clarke of Columbia University for 
the microanalytical determinations. 
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2-methyl-1 ,4-hydroxynaphthalene caused a deep red color, thus 
suggesting the possible formation of the hydroxyquinone. Many 
experiments were carried out in which the diacetate was treated in 
alcoholic solution with potassium, sodium, or barium hydroxide 
for varying periods of time and in various concentrations. In 
every case deep red solutions were obtained, from which small 
amounts of phthiocol were isolated by the following procedure. 
The red alkaline solutions were diluted with water, acidified with 
hydrochloric or sulfuric acid, and distilled with steam. A deep 
purplish precipitate which separates on acidification is not volatile 
with steam and is probably the quinhydrone, but the nature of this 
substance has not been determined. 

The distillate, which was yellow in color and contained a yellow 
crystalline product, was extracted with ether. It was found that 
the steam-volatile material was composed of about equal parts of 
phthiocol and a neutral yellow crystalline substance, probably the 
original quinone, and these substances were separated by extract- 
ing the ethereal solution with dilute potassium hydroxide. The 
phthiocol passed into the dilute alkali giving a fine red color, while 
the neutral substance remained in the ethereal solution. The 
alkaline solution was drawn off, acidified, and the phthiocol was 
extracted with ether. The solvent was distilled off and the residue 
was recrystallized from dilute methyl alcohol, giving beautiful 
yellow prisms which melted at 173-174°. The yields varied from 
about 5 to 10 per cent of the theoretical. 

The hydroquinone, 2-methyl-1,4-hydroxynaphthalene, pre- 
pared by reducing the quinone with hydrogen and platinum oxide, 
also gave a small amount of synthetic phthiocol when treated with 
alkali in alcoholic solution but the yield was only about 2 per cent. 

The best yield of phthiocol was obtained by the following pro- 
cedure. 5 gm. of the diacetate were dissolved in 50 cc. of absolute 
alcohol and the solution was mixed with 100 cc. of 2 per cent so- 
dium ethoxide. The intensely dark red solution was allowed to 
stand at room temperature for 3 hours, after which it was diluted 
with water, acidified, and distilled with steam. ‘The steam-vola- 
tile portion was separated as described above and yielded 0.44 gm. 
of phthiocol or about 12 per cent of the theoretical. 

The synthetic phthiocol melts at 173-174°, solidifies at 163°, 
remelts at 173-174°, and shows no depression of the melting point 
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when mixed with the natural product. The heated portions of the 
melting point tubes turned red in color, while in the cool upper 
parts of the tubes yellow prismatic crystals had sublimed. 


Q 1017 gm. substance: 0.0395 gm. H.O, 0.2622 gm. CO, 
C,,H.O; (188). Calculated. C 70.21, H 4.25 
Found. 70.31, ** 4.34 


Preparation of Monoacetyl Derivative of Phthiocol—0O.1 gm. of 
the synthetic phthiocol was dissolved in 5 cc. of pyridine, the solu- 
tion was cooled, and 1.5 ec. of acetic anhydride were added. 
After the reaction mixture had stood at room temperature for 18 
hours, it was poured into 100 ce. of cold 3 per cent hydrochloric 
acid. Fine yellowish needles separated slowly. After cooling in 
ice water, the crystals were filtered off, washed with water, dis- 
solved in 10 ec. of methyl aleohol, and the solution was diluted 
with water. The fine yellowish needles which separated were 
collected, washed with cold 50 per cent methyl alcohol, and dried 
in vacuo. The yield was 86 mg. 

The substance melted at 106—107°, solidified on cooling, and 
remelted at 106-107°. Mixed with the natural phthiocol mono- 
acetate there was no depression in melting point, although the 
latter substance first melts at 101° and, after solidifying, remelts 
at 106-107°. 

The substance was analyzed after it had been dried in a vacuum 
desiccator over sulfuric acid. 


3.145 mg. substance: 1.35 mg. H2O, 7.84 mg. CO, 
CisH; 00, (230). Calculated. C 67.82, H 4.34 
Found. 67.99, 4.80 


Molecular Weight—0.236 mg. of substance in 2.063 mg. of cam- 
phor gave a depression of 19.5°. Found, mol. wt. 235. 

Triacetyl Derivative of Phthiocol—About 0.1 gm. of phthiocol 
monoacetate was refluxed for 0.5 hour with 0.5 gm. of fused sodium 
acetate, 2 ec. of glacial acetic acid, 2 gm. of zine dust, and 10 ce. 
of acetic anhydride. ‘The colorless reaction mixture was allowed to 
cool and was decanted from the undissolved zine into 150 ec. of 
water. After the acetic anhydride had decomposed, a colorless 
crystalline solid separated and was filtered off. The substance 
was recrystallized from methyl alcohol by adding water. Color- 
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less prismatic crystals were obtained which weighed 57 mg. ‘The 
melting point of the substance was identical with that of the 
triacetyl derivative prepared from natural phthioeol. When 
slowly heated, both preparations and a mixture of the two fused 
to an opaque liquid at 148° which on further heating melted to a 
clear fluid at 158-159°. The fused mass did not erystallize on 
cooling but remained as a transparent glassy mass. 

The substance was analyzed after it had been dried in vacuo 
over sulfuric acid. 


0.1000 gm. substance: 0.0472 gm. H.O, 0.2361 gm. CO» 
7H (316). Calculated. C 64.55, H 5.06 
Found. 64.39, 5.27 


Molecular Weight—0.191 mg. of substance in 1.591 mg. of cam- 
phor gave a depression of 15.5°. Found, mol. wt. 310. 

Oxidation of the 2-Methyl-3-Hydroxy-1,4-Naphthoquinone. For- 
mation of Phthalic Acid—For the oxidation 0.15 gm. of the 2- 
methyl-3-hydroxy-1 ,4-naphthoquinone was dissolved in 20 ce. of 
0.1 N NaOH and 4 ec. of superoxol (Merck) were added. The 
reaction mixture, which was dark red at first, became colorless 
after 8 hours and was then extracted thoroughly with ether for the 
removal of hydrogen peroxide. The solution, after this treatment, 
was acidified with hydrochloric acid and extracted ten times with 
ether. The ethereal extract was filtered, evaporated to dryness, 
and the residue was twice recrystallized from water, yielding large 
colorless crystals. A further crop was obtained on concentrating 
the mother liquors. The total yield of crystallized phthalie acid 
was 82 mg. ‘The crystals showed a strong acid reaction on moist 
litmus paper. 

The powdered crystals when heated slowly melted with efferves- 
cence at 200°; the melt solidified at 104° and remelted at 130-131°. 
There was no change in the melting points when the substance was 
mixed with phthalic acid. 

For analysis the substance was dried in a vacuum desiccator 
over sulfuric acid. 


3.738, 3.621 mg. substance: 1.30, 1.27 mg. H.O; 7.95, 7.71 mg. CO, 
CsH.«(COOH). (166). Calculated. C 57.83, H 3.61 
Found, ** 58.00, 3.88 
** 58.07, 3.92 
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Oxime of Synthetic Phthiocol—-When the synthetic phthiocol was 
treated with hydroxylamine, the monoxime was formed. 0.1 
gm. of 2-methyl-3-hydroxy-1 ,4-naphthoquinone was dissolved in 
2 cc. of pyridine and 0.1 gm. of hydroxylamine hydrochloride, 
dissolved in a drop or two of water, was added = After the solution 
had stood for 1 day at room temperature, it was poured into cold 
dilute hydrochloric acid. The crystalline precipitate was filtered 
off, washed with water, and recrystallized twice from dilute aleohol. 
The substance crystallized in fine tufts of yellow needles and 
melted with decomposition at 199-200° when heated rapidly. 

For analysis the substance was dried in a vacuum desiccator. 


4 225, 3.745 mg. substance: 0.255, 0.228 cc. N at 28.5°, 30°, and 750 mm. 
C,,HsO3N (203). Calculated, N 6.89; found, N 6.74, 6.76 


SUMMARY 


The 2-methyl-3-hydroxy-1,4-naphthoquinone has pre- 
pared from the diacetate of 2-methyl-1 ,4-hydroxynaphthalene by 
treatment with alkali. 

The substance is identical with phthiocol, the pigment isolated 
from the human tubercle bacillus. 
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THE BASIC AMINO ACIDS OF CASEIN * 
By HUBERT BRADFORD VICKERY anp ABRAHAM WHITE 


(From the Biochemical Laboratory of the Connecticut Agricultural Experiment 
Station, New Haven) 


(Received for publication, October 7, 1933) 


Although the basic amino acids yielded by casein have frequently 
been determined by indirect methods, only one analysis appears 
to have been carried out in recent years in which the direct isola- 
tion of the bases from a relatively large sample of the protein was 
attempted. This is the analysis of 50 gm. of casein reported by 
Calvery, incidental to his development of modifications of the sil- 
ver precipitation method to permit its application to quantities of 
proteins of the order of 5 gm. (1). 

We have recently had occasion to determine the basic amino 
acids yielded by a specimen of highly purified casein prepared by 
the Hammarsten method. The preparation contained 15.52 per 
cent of nitrogen, corrected for ash and moisture. The analytical 
procedure followed was that described by Vickery and Leaven- 
worth (2), with the exception that the histidine fraction was freed 
from cystine by being boiled with copper hydroxide (3), and the 
histidine silver precipitates were in every case decomposed by hy- 
drogen sulfide rather than by hydrochloric acid. A similar pro- 
cedure was adopted by Vickery and Shore (4) in their second 
analysis of egg albumin.! 

The results of the analysis, expressed as percentage of the pro- 


* The expenses of this investigation were shared by the Connecticut 
Agricultural Experiment Station and the Carnegie Institution of Washing- 
ton. 

+ Porter Fellow of the American Physiological Society, 1932-33. 

1 [Tt is necessary to emphasize that, in applying the silver precipitation 
method for the separation of arginine, silver sulfate or silver nitrate must be 
added in such quantity that a strongly positive test for the presence of 
excess silver ion is obtained, and the solution must then be made strongly 
alkaline to alizarin yellow or tropeolin O (> pH 12.0) with barium hydroxide. 
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tein, are shown in Table I together with the more important 
analytical data. The early analysis of Osborne, Leavenworth, and 
Brautlecht (5) is also given for comparison. The higher value for 
histidine reported by these workers is probably misleading, inas- 
much as they depended on the nitrogen content of the histidine 
fraction as a measure of the proportion of histidine. The experi- 
ence of this laboratory in recent years has shown that histidine 
fractions obtained in the usual course of analysis are seldom or 
TABLE I 
Basic Amino Acids of Casein, Expressed in Percentage Yield from Protein 


| Results of 
nalysis Analysis aven- 
r 2 Average worth, and 
Brautlecht 
(5) 
gm. gm. per cent 
per cent per cent 
Sin diflavianate, theory 8.17......... 8.19 8.17 
| 3.97 | 3.73 | 3.85 3.54 
Sin flavianate, theory 6.56........... 6.50 6.60 
N in picrate, theory 18.67............ | 18.56 18.52 | 


TABLE II 
Basic Amino Acids of Casein, Expressed As Nitrogen in Per Cent of Protein 
Nitrogen 


Results of 


| Analysis 1) Analysis 2 | Average | Calvery 

| | | (1) 


never sufficiently pure to admit of this method of caleulation of 
the results. In the present analysis the nitrogen content of the 
two histidine fractions was equivalent to vields of histidine of 2.27 
and 2.02 per cent respectively. 

Table IT shows the results expressed as nitrogen of the several 
bases in per cent of the nitrogen of the protein, and with these 
figures is given the analysis of Calvery (1). 
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The value for histidine found in the present analysis is in good 
ngreement with that of Calvery; the values for arginine and lysine 
ure, however, appreciably higher. Especial interest attaches to 
the value for lysine, in view of the large proportion of this base 
yielded by casein. Each of our figures depends upon the weight of 
two successive crops of lysine picrate; each of the first crops 
weighed more than 14 gm. and their decomposition points (264° 
and 265° respectively) and nitrogen contents showed them to be 
analytically pure. The second crops weighed somewhat over 1 
gm. each and decomposed with the characteristic explosion at 255° 
and 254° respectively. The solubility correction for the lysine 
picrate in the two mother liquors was less than 1 per cent of the 
total quantity of lysine picrate weighed and therefore affects only 
the second decimal place of the figures given. So far as we are 
aware, the highest previous figure for the lysine of casein, which 
depends on isolation, is that of Leavenworth (6) who isolated 5.77 
per cent of lysine from a quantity of 1865 gm. of the protein. 
This is the equivalent of 7.4 per cent of the nitrogen of casein. 


SUMMARY 


The basic amino acids yielded by casein have been determined 
by the silver precipitation method of Kossel and Kutscher as mod- 
ified in this laboratory. The results were histidine 1.83 per cent, 
arginine 3.85 per cent, lysine 6.25 per cent. 
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THE INFLUENCE OF FASTING ON THE CONCENTRA- 
TION OF BLOOD LIPIDS IN THE ALBINO RAT* 


By BARNETT SURE, M. C. KIK, anp ANNA E. CHURCHT 


(From the Departments of Agricultural Chemistry and Home Economics, 
University of Arkansas, Fayetteville) 


(Received for publication, August 12, 1933) 


Since in vitamin B deficiency partial or complete inanition are 
associated symptoms, we thought it of interest, as part of our 
studies of lipid metabolism in avitaminosis, to investigate the 
concentration of blood lipids during fasting of the albino rat 
reared under the standard conditions of our own laboratory. 

or thisstudy we employed a total of fortyrats. Sixteen of these 
:unimals were recently weaned, eleven were either half grown or 
had not yet reached their maximum growth, and thirteen were 
full grown rats. One of the latter was discarded after 4 days 
fasting when it was discovered that the animal was pregnant. 
Our findings are summarized in Tables I and II and Charts I to 
IIT, inclusive. 

A survey of the literature discloses that in most experimental 
animals a lipemia is eneountered during fasting. Green and 
Summers, while finding a rise of blood fat of about 200 per cent in 
fasted puppies, were unable to produce any changes in the blood 
fat of adult dogs even by prolonged fasting (1). 

We were, therefore, surprised to find that in the rat there occurs 
a progressive decrease in the concentration of blood fatty acids and 
lecithins and no demonstrable change in the blood cholesterol 
content. 

Our animals were allowed a liberal supply of fresh distilled water 
daily but no food. From Table I it is evident that 30 to 50 per 
eent of body weight is lost during fasting, the period of survival 


* Research paper No. 303, Journal series, University of Arkansas. 
t Now amember of the staff of the Department of Chemistry, University 
of Alabama. 
417 


418 Fasting Effect on Blood Lipids 


being determined in a great measure on total weight rather than 
on age. There is also a great difference in the period of survival 
among individual animals of the same age, sex, and weight. For 
instance, co? 9541, age 258 days, with an initial weight of 375 gm.., 
survived 17 days, following fasting, having lost 45 per cent of its 


TABLE I 

Influence of Age and Body Weight on Period of Survival of Albino Rat, 
Following Fasting 


78851 55 (84) O56 33 
78852) 55 80 47) 41 
8853} 77) 36 | 
8736) 57, 80 50) 37 | | 
8737} 57 79) 47) 40 9540 258 | 385 | 184 52 26 
| 57| 791 58 | 37 9541 258 

9 8859 139 | 217 127) 40 11) #8594 259 | 416 242) 41 16 
78540 155 264 «176 885K 
78541 160 303 168 16 9 8860) 322) 213 152, 
7 $542 160 306 460 «17 | | | | 


8596 | 230 367 | 223) B15 
8597 | 230 | 36 
9539 | 258 |. 


|. 3 | 
days | gm. | gm. days | | | gm. | gm. | days 
8854) 40) 73 49 | 33 4 8543-160 300-165 454 
©8855) 40) 81) 55° 47 4 | A 8544 160 274 159) 4212 
9 8856) 40) 82) 55) 49 4 | 79542 165 | 301 215, 28 | 
8864 42) 74) 45| 39 5 | 79543 165 289 189 
28665 72, 50) 4 #9544 165 287 159 43 16 
2 8666 | 42 79 | 42 5 | 8861) 179 | 212! 152) 6 
78962 37. 5 | 8862, 179 222 129 42°: 10 
8963 46 | 101) 62) 38 A 8739) 217, 293, 159 45S 
78966 46) 105 70) 33 8592-230 | 360 214 | | 17 
8967! 46) 93) 62) 34 230 | 376) 221) 41° 14 
78595 230 359 209) 16 
5 | 
4 
5 
5 
3 


weight; while, o7 9540 of the same age and with an initial weight 
of 385 gm., survived 26 days after a fast, having lost during that 
period 52 per cent of its weight. Just what various factors are 
operating in metabolism of different individuals that determine the 
greater ability to survive fasting is, of course, a physiological 
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TABLE II 
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Influence of Fasting on Cholesterol Content of Blood of the Albino Rat 


Animal No. 


2 


2 8666 


Period of fast 


days 


m bo 


of 


Blood cholesterol 


| Animal No. 


2 S865 


8738 


Period of fast 


= 
a 


bo 


Blood cholesterol 


— 


Animal No. 


8543 


S858 


S860 


Period of fast 


Qa 


Blood cholesterol 


Animal No, 


$544 


S859 


2 8857 


* Experiment discontinued due to animal being pregnant. 


Period of fast 


days 


Blood cholesterol 


| 
| | ae | | 
| | | | | 
ro | | | | 
| 
| | | 
| | per per 100 
- | - 100 
cc. | | 93 93 
| 98 | | | ol 66 
| 90 | | 93 | 2] 8 
| | 5] 93 | 3| @ 
| 71 93 | &| 73 
| pod 10] 93 | 7] 86 
| 89 | | | | 42 101 | 83 
| | | 13 87| 89 
| | | | | | 14 | 86 '12| 93 
86 | 101 | | | | 
| | 97 | 109 | 
| | go | | | | 
| | 21 92 
| | | 4] 89 | 3| 9 
82 | | al 97 
| 92 | 76 | 
| | 80 ele 
| | 6| 82 
| 132 | 7 | 90; 
| | | | 9} 106 | 98 
| | 1411 79 78 
| 1 | 90 | | | 50 | | 9 | di 
| 3} 3 | 80) | | 
| | | | :. | 2) 101 
| 2! gp 
| | | 2] 90) | 2) 92 
| | | 3] | 3] 86 
| | Poe | | 4 80 | 4} 80 
| | 5] 97 | 5] 82 
| | | 61 | 80 
| 7 | 100 
| | | 104 


390 


370 


350 


330 


310 


290 


270 


250 


230 


210 


190 


170 


150 
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puzzle. It is remarkable, however, that animals can survive 2 to 
3 weeks and over without any food. Since a day in the span of 
life in the rat is comparable to 30 days in man, a fast of 17 and 26 
days in the rat would be equivalent to 510 and 780 days respec- 
tively in man. Since the latter situation in man is impossible, 


(1). 


Days 


Cuart |. Influence of fasting on concentration of fatty acids and leci- 
thins in the blood of the albino rat. Curve 1, in dotted line, represents the 
body weight in gm.; Curve 2, in heavy line, designates the concentra- 
tion of fatty acids in mg. per 100 ec. of blood; Curve 3, in dash line, repre- 
sents the concentration of lecithin in mg. per 100 cc. of blood. * indicates 
when fasting began. 
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it is evident that the rat can tolerate a much longer fast in pro- 
portion to its span of life than man. 

The fatty acid concentrations of the blood were studied in 
twenty-eight fasting rats and the blood lecithins in twenty-four 
fasted animals. The fatty acids were determined by a micro- 
method recently perfected in this laboratory.! 0.5 ec. of non- 
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Cuart I!. Influence of fasting on concentration of fatty acids and leci- 
thins in the blood of the albino rat. Curve 1, in dotted line, represents the 
body weight in gm.; Curve 2, in heavy line, designates the concentration of 
fatty acids in mg. per 100 cc. of blood; Curve 3, in dash line, represents the 
concentration of lecithin in mg. per 100 cc. of blood. * indicates when 
fasting began. 
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1 Smith, M. E., and Kik, M.C., J. Biol. Chem. 103, 391 (1933). 
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Cuarr III. Influence of fasting on concentration of fatty acids and 
lecithins in the blood of the albino rat. Curves1,in dotted lines, represent 


the body weight in gm.; Curves 2, in heavy lines, designate the concentra- 
tion of fatty acids in mg. per 100 cc. of blood; Curves 3, in dash lines, repre- 
sent the concentration of lecithins in mg. per 100 ce. of blood. 
when fasting began. 
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coagulated blood? is obtained from the rat by peripheral bleeding, 
and introduced into an aleohol-ether mixture, which extracts the 
fats. These are saponified with concentrated KOH from which 
they ure transferred with water and benzene. ‘The fatty acids in 
this benzene are titrated with 0.02 n KOH. 

For the determination of cholesterol the Lieberman and Bur- 
chard method was employed as outlined by Bloor, Pelkan, and 
Allen (2). For the determination of lecithin, we used the method 
of Fiske and Subbarow (3) for organic phosphorus (which is 
approximately 4 per cent of the lecithin molecule) as modified by 
Kxoch (4). In Charts I to III are submitted typical cases, which 
show that while there are rises in the blood fatty acids and leci- 
thins during various stages of fasting, undoubtedly due to catab- 
olism of body fat, the general trend of the curves is downward, 
which becomes very marked as the fasting period progresses. In 
other words, the rat must utilize the neutral fatty acids as well as 
those combined as lecithin phospholipids for energy purposes as 
rapidly as it is transported to the blood stream. 

Cholesterol determinations were carried out in twelve animals. 
‘The fact that Shope (5) found a hypocholesteremia accompanying 
fasting in man, dog, swine, cat, and guinea pig, prompted us to 
submit all of our detailed data on the rat, which are given in Table 
II, from which it is apparent that considering the range of choles- 
terol concentration during periods previous to the fast when the 
animals were on our stock Diet 1 (6), which has served as an 
excellent breeding diet for the last 13 years, the evidence clearly 
points to the fact that there is no noteworthy change in cholesterol 
coneentration of the blood of the albino rat during fasting. 


SUMMARY 


In the albino rat during fasting there is a marked decrease of 
blood fatty acids and lecithin, but no change in the concentration 
of blood cholesterol. 
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Most of the schemes existing for the analysis of proteins necessi- 
tate the use of large amounts of material. The need is great for a 
scheme which can be used with smaller amounts. It was felt that 
combination of certain of the more generally accepted methods 
for amino acid determination could be arranged and an economy 
of original material be thus effected. The following scheme was 
eventually decided upon as a result of trial experiments. 

1. The protein is hydrolyzed and humin, ammonia, and the 
basie amino acids are removed and estimated by the methods of 
Vickery and his coworkers (1). 

2. The various mother liquors so obtained are freed from inter- 
fering substances and combined. Tyrosine is removed by crys- 
tallization. The filtrate is treated with aleohol and baryta for the 
precipitation of the dicarboxylic acids. Aspartie and glutamic 
acids are removed and estimated according to the directions of 
Jones and Moeller (2). Hydroxyglutamie acid is removed at this 
stage by precipitation of its silver salt. 

3. The amino acids in the filtrate and mother liquors from this 
procedure are converted into their copper salts and separated into 
three groups according to the method of Brazier (3). As eight 
amino acids have been removed, the scheme of Brazier becomes 
simplified as follows: (a) The copper salts insoluble in) water 
include the salts of leucine and phenylalanine. The colorimetric 
method of Kapeller-Adler (4) for the estimation of phenylalanine 
facilitates the examination of this fraction. (6) The copper salts 
insoluble in methyl aleohol include the salts of glycine and alanine, 
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with small amounts of tyrosine. Glycine is removed as its barium 
carbamate, which is insoluble in water at 0°. Alanine is estimated 
in an aliquot by the method of Fiirth (5). (c) The copper salts 
soluble in methy! alcohol include the salts of proline, valine, and 
isoleucine. They are dealt with according to the recommendations 
of Brazier. 

The advantage claimed for this scheme over the method of 
Brazier is that it is less involved and that the preliminary removal 
of the basic and dicarboxylic amino acids enables the remaining 
amino acids to be separated into groups more conveniently. 
This possibility was mentioned by Damodaran (6). The use of 
sulfuric acid for hydrolysis as reeommended by Brazier is attended 
by large losses in its removal; it was therefore abandoned and 20 
per cent hydrochloric acid was used. 

The experiments reported were part of a general investigation 
into the proteins of egg yolk. The protein used was livetin. 


EXPERIMENTAL 


Livetin was prepared as described in a previous article (7). 
About 50 gm. of the protein were hydrolyzed with 400 ec. of 20 
per cent hydrochloric acid. Boiling was discontinued after 22 
hours, as it was found that the non-amino nitrogen was beginning 
to increase. The acid-insoluble melanin was removed by cen- 
trifuging, and nitrogen determined on weighed aliquots of the 
hydrolysate. For analysis, a portion of the hydrolysate was 
taken which represented 5603 mg. of protein nitrogen, or about 
36 gm. of the dry protein. 

Basic Amino Acids—The basic amino acids were removed ac- 
cording to the method of Vickery and Leavenworth (8). The 
solution was kept suitably diluted as recommended by Vickery 
and Shore (9). The purified histidine fraction was freed from 
cystine as recommended by Vickery and Leavenworth (10). 

The purified histidine fraction, freed from cystine, contained 
nitrogen equivalent to 3.39 per cent of the total nitrogen. The 
vield of histidine diflavianate corresponded to a content of 1.62 
per cent of total nitrogen in the form of histidine. 

The purified arginine fraction, containing 13.45 per cent of the 
total nitrogen, was made up to 200 cc. Duplicate 5 cc. aliquots 
were taken for determination of arginine by the method of Van 
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Slyke as modified by Plimmer and Rosedale (11) and Koehler (12). 
150 ec. were treated with flavianic acid for the precipitation of argi- 
nine. Nosecond crop of arginine flavianate was obtained from the 
filtrate from the first crop even after 16 hours boiling under a re- 
flux condenser to decompose any arginine diflavianate possibly 
present. The findings were as follows: 


Arginine N Per cent of total N 
By arginase method in previous experiment (7)............. 11.7 


The lysine phosphotungstate was not washed, as washing was 
found to cause losses. From it 6.15 per cent of the total nitrogen 
was isolated as lysine in the form of recrystallized lysine picrate. 
This corresponded to 66 per cent of the total nitrogen in the puri- 
fied lysine fraction. 

A further precipitate of insoluble phosphotungstates, weighing 
about 0.5 gm., separated from the filtrate from the lysine phos- 
photungstate. It was examined for lysine, but no insoluble 
picrate could be precipitated. 

Dicarboxylic Amino Acids—The residues from the preceding 
manipulations were treated as follows: 

1. The main filtrate from the precipitation of lysine phospho- 
tungstate was freed from phosphotungstic acid by shaking with a 
mixture of equal parts of butyl aleohol and ether. The combined 
alcohol-ether phases were evaporated to a syrup, taken up with 
water, and the phosphotungstice acid precipitated with baryta. 
The filtrate from this precipitation was added to the aqueous phase 
containing the main bulk of the amino acids. 

2. The mercuric sulfate-soluble material from the purification 
of the histidine fraction was freed from mercury with H,S. This 
material has been shown to contain aspartic acid by Vickery and 
Leavenworth (8). It may possibly contain hydroxyglutamie acid 
and isoleucine, as both these amino acids are precipitated by silver 
(13, 14). 

3. The mother liquors from the precipitation of the flavianates 
of arginine and histidine were acidified with sulfuric acid and the 
flavianic acid shaken out with butyl alcohol. 

4. The aleoholic mother liquor from the precipitation of lysine 
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picrate was evaporated to dryness and taken up with water. It 
was acidified with sulfuric acid and extracted with ether to remove 
picric acid. 

The solutions obtained in procedures (1) to (4) were combined 
and cold saturated barium hydroxide solution was added until 
the reaction to Congo red began to change. The precipitated 
barium sulfate was removed and the solution concentrated to 
about 300 ec. The dicarboxylic amino acids were then precipi- 
tated twice with baryta and aleohol according to the directions of 
Jones and Moeller. The combined alcoholic filtrates were pre- 
served for separation of the monoaminomonocarboxylic acids. 

The precipitated barium dicarboxylates were decomposed with 
sulfurie acid and brought to volume for estimation of nitrogen. 
Sulfuric acid was then removed by quantitative addition of barium 
chloride solution. The solution was concentrated to about 50 ec., 
saturated with hydrogen chloride gas, and boiled for 4 hours under 
a reflux condenser. It was allowed to stand for a week in the 
refrigerator, and the glutamic acid hydrochloride was then filtered 
on asbestos and dried at room temperature. 2.932 em. of glutamic 
acid hydrochloride were thus obtained, corresponding to 4.13 per 
cent of the total nitrogen as glutamie acid nitrogen. 

The filtrate was concentrated repeatedly to a syrup under reduced 
pressure and taken up in about 200 cc. of water. Hot saturated 
silver sulfate solution was then added in slight excess, the silver 
chloride precipitate was removed, and the excess of silver ion 
removed with hydrogen sulfide. The solution was concentrated 
to about 100 ec. at 45° under reduced pressure. Sulfuric acid was 
removed with baryta and the filtrate concentrated at 45° to small 
bulk and allowed to evaporate to dryness at the same temperature. 
During the evaporation a mass of leaf-shaped crystals separated. 
The dry residue was triturated in a mortar with 50 ce. of glacial 
aeetic acid at room temperature and the mixture centrifuged. 
This was repeated three times; the residue was treated with 
copper carbonate according to the directions of Jones and Moeller. 
2.210 gm. of copper aspartate, dried at room temperature, were 
thus obtained. The salt contained 5.00 per cent of nitrogen, 
theoretical value 5.09 per cent. The aspartic acid nitrogen thus 
isolated was 2.04 per cent of the total nitrogen. The filtrate from 
the isolation of copper aspartate was freed from copper and com- 
bined with the monoaminomonocarboxylic acid fraction. 
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‘The material dissolved in glacial acetic acid was evaporated to 
dryness under reduced pressure. ‘The residue was taken up with 
au few ec. of concentrated hydrochloric acid and boiled under a 
reflux condenser for 3 hours. 0.033 em. of glutamic acid hydro- 
chloride was filtered off after cooling the solution, increasing the 
value for glutamic acid nitrogen to 4.18 per cent. 

The filtrate was freed from hydrochloric acid and made up to 
100 ce. Analysis of aliquots showed a content of 162 mg. of 
nitrogen, 96 per cent of which was in the amino form. The main 
bulk of the solution was examined for hydroxyglutamiec acid as 
follows: It was warmed to 40° and silver oxide was stirred in until 
the solution was neutral to litmus. Hot saturated silver sulfate 
solution was then added until the solution gave a deep brown spot 
test with a drop of barium hydroxide solution. Cold saturated 
barium hydroxide solution was added to 2 pH of about 8.2. The 
mixture was diluted to about 450 ee. and cooled overnight, and the 
precipitate centrifuged down und washed twice with water. An 
:iquot of the combined supernatant liquids was tested with silver 
nitrate and sodium hydroxide to insure complete removal of 
hydroxyglutamie acid; the remainder was freed from silver and 
combined with the monoaminomonocarboxylic acid fraction. 

The washed precipitate was decomposed with hydrogen sulfide, 
and sulfuric acid removed with baryta. It was found to contain 
25 mg. of nitrogen, 23 mg. of which were in the amino form. It 
was concentrated at 45° to 20 ce. and treated with silver nitrate 
and sodium hydroxide according to the directions of Dakin (13). 
A small quantity of a fine white precipitate separated. The pre- 
cipitate was decomposed with hydrogen sulfide, and yielded 0.70 
mg. of nitrogen, all in the amino form. Its small quantity pre- 
vented further examination to see if it were really hydroxyglutamic 
acid, but the finding indicated that this amino acid, if present in 
livetin, was there only in very small amount. 

Monoaminomonocarborylic Acids —The combined residues from 
the separation of the dicarboxylic amino acids were freed from 
sdeohol by distillation at 40° under reduced pressure and the 
barium hydroxide removed with sulfuric acid. The solution of 
amino acids was concentrated to 300 ee. Tyrosine crystallized 
freely; it was filtered off, reerystallized, and weighed. The weight 
of recrystallized tyrosine was 1.030 gm. Corrected for its solu- 
bility, 0.05 per cent, in the 85 ce. of water of reerystallization, the 
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weight was 1.071 gm., corresponding to 1.50 per cent of the total 
nitrogen in the form of tyrosine nitrogen. This value was in- 
creased by subsequent colorimetric examination of the succeeding 
fractions as follows: 


Tyrosine N Per cent of total N 
Separated by 1.50 
In leucine-phenylalanine fraction.......................... 0.012 


The remaining amino acids were ‘converted into their copper 
salts by evaporating twice with excess of copper carbonate accord- 
ing to the method of Brazier (3). The copper salts were stirred 
mechanically with 100 ec. of water at room temperature for half 
an hour and the soluble portion separated by centrifuging. This 
process was carried out six times. The solution, Fraction B, con- 
sisted of copper salts soluble in water. The residue, Fraction A, 
consisted of copper salts insoluble in water together with excess of 
copper carbonate. Fraction A was suspended in about 600 ce. of 
water and decomposed with hydrogen sulfide at 60° with stirring. 
It was not found necessary to add acid. The fraction contained 
556 mg. of nitrogen, including a loss of 12 mg. in the CuS precipi- 
tute. This corresponded to 10.1 per cent of the total nitrogen. 
l'raction A consisted of the copper salts of leucine and phenylala- 
nine; the other amino acids of which the copper salts are insoluble 
in water are aspartic acid and cystine. These had already been 
removed. A colorimetric cystine determination was made on an 
aliquot by the method of Folin and Marenzi (15) and the fraction 
found to contain but 10 mg. of cystine. The copper salt of tyro- 
sine is only slightly soluble in water (16), but analysis of an aliquot 
of Fraction A revealed the presence of only 8.6 mg. of tyrosine in 
the entire fraction. The main bulk of the fraction was evaporated 
to 30 cc. and leucine was crystallized from it in two crops. A total 
weight of 1.966 gm. of crude leucine was thus obtained; it con- 
tained 10.27 per cent of nitrogen. Upon recrystallization the 
nitrogen content was raised to 10.52 per cent (theoretical 10.69 
per cent). The filtrate was made up to 250 cc., and 1 ce. aliquots 
taken for the estimation of phenylalanine by the method of Kapel- 
ler-Adler (4). In spite of the virtual absence of tyrosine, the violet 
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color produced by phenylalanine was interfered with by a yellow 
discoloration. Preliminary addition of permanganate and sulfuric 
acid in the cold did not remove the interfering color. It was 
found necessary to add additional permanganate to the hot solu- 
tion. This procedure probably led to some loss of phenylalanine 
by oxidation. The procedure used was as follows: Aliquots of 
the solution to be tested were pipetted into 50 cc. centrifuge tubes. 
0.2 ec. of 14 Nn H.SO, was added to each, followed by sufficient 
decinormal potassium permanganate to produce a faint permanent 
rose color. The tubes were placed in a boiling water bath and a 
quantity of permanganate equal to that already used was added 
. dropwise over a period of about 15 minutes. The tubes were left 
in the water bath until their contents were evaporated to a syrup. 
Simultaneously, aliquots of a standard phenylalanine solution 
containing 1 mg. of the amino acid per cc. were evaporated to 
dryness without permanganate treatment. All samples were 
nitrated as described by Kapeller-Adler. Each was washed into 
a 25 ec. volumetric flask with 7 ce. of water and cooled. 5 ec. of 
15 per cent hydroxylamine hydrochloride solution were added. 8 
ec. of ammonium hydroxide solution (sp. gr. 0.90) were cautiously 
layered on the surface. The flask was kept cool in ice water, and 
its contents were slowly mixed and allowed to cool. Ammonium 
hydroxide solution was then added to the mark with mixing. 
The samples were warmed at 40° for 5 minutes, cooled at 0° for 15 
minutes, and read in the colorimeter. Between 2 and 4 mg. of 
phenylalanine gave a satisfactory color intensity. 

By this means, 640 mg. of phenylalanine were found in the filtrate 
from the crystallization of levcine. The main bulk of the filtrate 
was treated with zine hydroxide for further isolation of leucine 
aeeording to the directions of Brazier. 

An additional 50 mg. of phenylalanine were found present by a 
colorimetric examination of the mother liquors from the recrystal- 
lization of the crude leucine, bringing the total value for phenyl- 
alanine N to 1.07 per cent of the total N. 

Two fractions were obtained from the zine hydroxide treatment, 
consisting of soluble and insoluble zine salts. These were freed 
from zine and analyzed for nitrogen and for phenylalanine. The 
soluble zine salts yielded 210 mg. of nitrogen, of which 24.5 mg. 
were in the form of phenylalanine nitrogen. The insoluble zine 
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salts contained 120 mg. of nitrogen, 22.1 mg. of phenylalanine N. 
The zine treatment was therefore ineffective, and fractional crystal- 
lization was continued for further separation of leucine. By this 
means 1.64 gm. of leucine were separated. The total amount of 
crystalline leucine corresponded to 7.29 per cent of the total 
nitrogen. 83 per cent of the nitrogen of the leucine-phenylalanine 
fraction was accounted for as leucine and phenylalanine. 

The effect of the presence of leucine upon the colorimetric 
determination of phenylalanine was examined by submitting to 
colorimetric analysis mixtures of the two amino acids in the pro- 
portion of 2 or 3 parts of leucine to 1 of phenylalanine. A yel- 
lowish discoloration was produced by the leucine. It was found 
possible to remove this by treatment with permanganate, but it 
resulted in a diminution of the phenylalanine color by about 20 
per cent. From this it would seem that. in order to obtain an 
approximately accurate colorimetric analysis of the leucine- 
phenylalanine fraction for phenylalanine, the comparison should 
be made against standards consisting of varving mixtures of the 
two amino acids. 

The copper salts soluble in water were evaporated to dryness and 
ground up with acetone. They were extracted with five changes 
of absolute methyl alcohol, ground up with methyl] alcohol, and 
extracted with seven more changes of methyl] aleohol. 

The residue, insoluble in methyl aleohol, was dissolved in about 
500 cc. of water and decomposed with hydrogen sulfide. The 
solution was concentrated under reduced pressure. During the 
concentration a small amount of crystals separated; these had the 
appearance of glycine. The nitrogen content of the fraction was 
1080 mg., corresponding to 19.6 per cent of the total nitrogen. It 
contained 200 mg. of tyrosine (colorimetric). For the separation 
of glycine from the fraction, the amino acids present were con- 
verted to their barium carbamino compounds by three successive 
treatments with barium hydroxide and carbon dioxide according to 
the method of Kingston and Sechryver (17). It has been shown 
by Kingston and Schryver (17), Sechryver, Buston, and Mukherjee 
(18), and Buston and Sechryver (19) that the only barium carba- 
mate compound insoluble in ice-cold water, other than that of 
hydroxylysine, isolated by them, is that of glycine. 

The precipitated carbamino compounds were not dried but were 
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extracted with 400 cc. of water at 0°. This was carried out four 
times. The insoluble material was decomposed with steam to 
vive the glycine fraction; the residue of barium carbonate was then 
washed by adding a slight excess of sulfuric acid. The water- 
soluble carbamates were decomposed by acidifying with sulfuric 
acid and boiling to give the alanine fraction. Only 14.5 mg. of 
nitrogen escaped precipitation as carbamate. 

An aliquot was treated with phosphotungstic acid, but no pre- 
cipitate suggestive of hydroxylysine separated. The remainder of 
of the solution was esterified for the preparation of glycine ethyl 
ester hydrochloride. The yield of the ethyl ester hydrochloride 
was low in comparison with the total nitrogen of the glycine frac- 
tion, the quantitative separation of this compound, however, is 
often difficult. 0.08 per cent of the total protein nitrogen was 
separated as glycine ester hydrochloride. 

The alanine fraction contained 894 mg. of nitrogen, 816 mg. of 
which were in the amino form. It was made up to 500 ce. and 2 
cc. aliquots were submitted to the procedure of Firth, Scholl, 
and Herrmann (5) for the determination of alanine. It was found 
necessary to modify slightly the apparatus shown in Fig. 1 of their 
article; the tube b was made to project below the surface of the 
liquid in a so as to bubble air through the liquid. In spite of this, 
and in spite of lengthening the time of redistillation to 13 hours 
only partial recovery of alanine from standard solutions was found 
possible. By comparing aliquots of the alanine fraction against 
identically treated aliquots of a standard alanine solution, a value 
of 2.2 gm. was obtained for the alanine content of this fraction, 
corresponding to 6.3 per cent of the total nitrogen as alanine 
nitrogen. More than half of the total nitrogen of the alanine 
fraction remained unidentified; a sample of dried amino acids from 
it had a content of 10.5 per cent N and was apparently a mixture. 

The copper salts soluble in methyl alcohol were treated as fol- 
lows: The methyl aleohol was distilled off and the residue taken 
up in about 500 ec. of water and decomposed with hydrogen 
sulfide. The resultant solution of amino acids was concentrated 
to 200 cc. It contained 975 mg. of nitrogen, 650 mg. of which 
were in the amino form, and 7.8 mg. of tyrosine. The amino acids 
were dried and extracted with absolute alcohol according to the 
directions of Brazier (3). The combined alcoholic washings were 
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treated with picric acid by the method of ‘Town (20) for the isolation 
of proline. 0.321 gm. of crude proline picrate was thus separated. 
The mother liquor was freed from picric acid by ether extraction 
and evaporated to small bulk. It was boiled for 15 hours with 
25 per cent sulfuric acid to hydrolyze any proline peptides present 
and treated with cadmium chloride as described by Kapfhammer 
and Eck (21) and Brazier (3). 0.616 gm. of proline was obtained 
in the form of its cadmium chloride compound. The nitrogen in 
the form of proline corresponded to 1.71 per cent of the total 
nitrogen. 

The amino acids insoluble in alcohol, containing valine and iso- 
leucine, were dried at 100°. The mixture weighed 3.51 gm. and 
contained 11.05 per cent of nitrogen, 99 per cent of which was in 
the amino form. 


DISCUSSION 


The main source of loss in the method consists of the numerous 
rejeeted precipitates. These were thoroughly washed as previ- 
ously described (7). The precipitation of cupric sulfide was some- 
times made troublesome by the formation of a sol; this usually 
flocculated upon standing overnight. 

It is recommended that tyrosine be removed before precipitation 
of the dicarboxylic amino acids, instead of afterwards as was done ~ 
in this investigation. Glutamic acid and hydroxyglutamic acid 
in aqueous solution readily pass respectively into a-pyrrolidone- 
carboxylic acid and a-hydroxypyrrolidonecarboxylic acid. This 
change is accelerated by heating (22, 23, 13, 2), and might take 
place during the removal of ammonia. It has been shown by 
Abderhalden and Kautsch (22) and Foreman (23) that these 
pyrrolidone compounds may be reconverted to their straight chain 
precursors by boiling with hydrochloric acid. This procedure was 
accordingly employed. 

The barium salts of the dicarboxylic amino acids were precipi- 
tated twice, but it is recommended that three precipitations be 
employed, since about one-third of the nitrogen of this fraction 
was found to be in a form other than that of the three dicarboxylic 
amino acids. Tyrosine and glycine tend to contaminate this 
fraction. 

Methods are being sought to incorporate the determination of 
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hydroxyproline and serine into the fractionation, and to separate 
valine from isoleucine. Livetin quite probably contains methio- 
nine since its total sulfur content, 1.8 per cent, is well in excess of 
its cystine sulfur content, 0.8 per cent. 

Determination of the carbohydrate content of livetin by the 
method of Tillmans and Philippi (24) showed the presence of 
about 4 per cent of carbohydrate, expressed as glucose, while 
vitellin contains about 2 per cent. The investigations of Frankel 
and Jellinek (25) and Levene and Mori (26) indicate the carbo- 
hydrate complex of egg yolk proteins is in the form of a polymer of 
glucosaminodimannose. If this be the case, it is necessary to 
increase the above values by 50 per cent, since glucosamine pro- 
duces nocolor in the method of Tillmans and Philippi (cf. Rimington 
(27)). This would provide for about 0.4 per cent of the nitrogen 
of livetin in the form of glucosamine. 

Separate determination of the tryptophane content of livetin by 
the method of Folin and Marenzi (15) gave a value of 1.11 per cent 
of the total nitrogen as tryptophane N. Tyrosine N was 3.04 per 
cent of the total nitrogen by this method; this was far more than 
the amount isolated (1.50 per cent of total nitrogen). 

Attention is called to the fact that the leucine-phenylalanine 
fraction plus the tyrosine represents the total ketogenic amino 
acids. This could be fairly easily determined on a small sample 
of protein. 

The results of the analysis conducted in this investigation are 
summarized in Table I. 


SUMMARY 


1. A method is described for fractionation of the amino acids 
resulting from protein hydrolysis. 

2. The method consists of removing the basic amino acids by 
the method of Vickery and Leavenworth (8). Tyrosine is then 
removed by crystallization and the dicarboxylic amino acids are 
removed as their barium salts. The monoaminomonocarboxylic 
acids are then converted into their copper salts and fractionated. 

3. The method has been applied to livetin of hen’s egg yolk. 
87 per cent of the total nitrogen was recovered in the various 
fractions; 56 per cent of the total nitrogen was definitely allocated. 
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TABLE I 


Result of Fractionation of Amino Acids of 36 Gin. of Livetin 

Per cent of total N Dae 
Per cent 
of weight 


Form in which 
determined undeter- cent N> 
| mined | 
Ammonia 1.56 
Histidine — Flavianate | 1.62 | 0.93 
Arginine | | 5.6 
Lysine Picrate | 6.15 | 5.0 
Cdutamic acid Hydrochloride 4 18 6.8 
Aspartic “ Copper salt | 2 04 | 3.0 
Hydroxyglutamic acid! Silver * Trace (?) 
‘Tyrosine 1 | 3.6* 
Copper salts insoluble | ! 
in water 10.1 
Leucine | 7.29 10.6 
Phenylalanine Colorimetric | 1.95 
Copper salts soluble | | 
in water but in- | 
soluble in methyl 
alcohol | | 9.7 
Glycine fraction | 3.01 
Alanine Lactic acid 6.3 6.2 
Copper salts soluble 
in methyl alcohol 17.7 
Proline Picrate and cad- 
mium chloride 
compound 1.71 2.2 
Valine + isoleucine 
fraction 7.18 
Cystine | Colorimetrict | 2.64 3.5 
Tryptophane | | 1.11 | 1.26 
Glucosamine | Calculated | 0.4 BS 


Total nitrogen recovered 87 per cent; total nitrogen definitely allocated 
56 per cent. 

* Method of Folin and Marenzi (15) gave 3.04 per cent of N as tyrosine 
N and 6.1 per cent of protein as tyrosine. 

t Method of Folin and Marenzi (28). 

t Method of Folin and Marenzi (15). 

§ Calculated as glucosaminodimannose. 
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The alanine determinations were carried out with the coopera- 


tion of Miss M. J. Lawson. The author has received advice froin 
Professor H. B. Vickery, which is gratefully acknowledged. 
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SYNTHESIS AND DESTRUCTION OF CHOLESTEROL 
IN THE ORGANISM* 


By RUDOLF SCHOENHEIMER? anv FRITZ BREUSCH 
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Freiburg, Freiburg, Germany) 
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There is no longer any doubt that cholesterol can be synthesized 
in the animal organism (1, 2). The herbivorous animal, which 
receives only unabsorbable plant sterols (3) in its diet, is even 
forced to synthesize all the cholesterol necessary for its body. On 
the other hand, recent work of Dam (4) on chickens and of Page 
and Menschick on rabbits (5) and cats (6) has shown that choles- 
terol can also be destroyed. Schoenheimer (7) has also estab- 
lished the probability of cholesterol destruction in humans by a 
study of a case of hypercholesteremia. 

Up to the present no information has been available concerning 
the factors which are responsible for synthesis or for destruction of 
cholesterol. It is obvious that knowledge of such factors, which 
may cause reversals in cholesterol balance, is of the greatest im- 
portance in understanding normal and pathological cholesterol 
metabolism. In humans a number of pathological conditions are 
known in which the body is overloaded with cholesterol even 
though only a norma! amount of cholesterol is taken in the diet 
(nephrosis, diabetes, some forms of atherosclerosis, ete.) ; in certain 
other (infectious) conditions cholesterol tends to disappear. In 
such cases it is highly probable that disturbances in synthesis or 
decomposition as well as in excretion of cholesterol play an im- 


portant role. 
In this paper a method is described by means of which it has 


* This investigation was made possible by the assistance of the Josiah 


Macy, Jr., Foundation. 
t At present in the Department of Biological Chemistry, Columbia 


University. 
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been possible to carry out serial studies of the influence of food- 
stuffs and drugs on the synthesis and decomposition of cholesterol 
in mice. 

Since cholesterol is stored readily in organs whether it is given 
with the diet or originates in the body, it is not only necessary to 
analyze the food and excreta, but the entire animal must be worked 
up at the end of the experiment. 

Mice were used in these studies because their relatively high 
metabolism permits short experimental periods. Moreover, the 
total analysis of mice is much simpler than with large laboratory 
animals.!. The animals were kept in a glass flask of which the 
entire contents can be analyzed easily without any loss at the end 
of the experiment. The entire contents of the flask, comprising 
hedding, food residue, the mice, and their excreta were dissolved 
in aleoholie sodium hydroxide, saponification of all esters taking 
place simultaneously. In this manner the tedious and often in- 
complete collection of excreta in food residue is avoided. 


EXPERIMENTAL 


The experimental mice were given all the bread and water they 
would take for 2 days before the beginning of the experiment in 
order to eliminate from the intestine all sterol residues still remain- 
ing from the stock diet. Mice treated in this manner have a 
sterol content which averages 0.3 per cent of the body weight and 
is constant within fairly narrow limits. 

In each experiment two mice were placed in a Jena or Pyrex 
round-bottomed, 2 liter flask with a short, 7 em. wide neck. The 
bottom was covered with 10 gm. of ether-extracted wool.? The 
neck of the flask was covered with a wide mesh wire screen, through 
which a glass rod extended into the flask. Two small glass dishes 
for food and water were fused to the glass rod, which was sup- 


1 Beumer and Lehmann (1) analyzed whole dogs, Schoenheimer (3) and 
Page and Menschick (5) whole rabbits, Menschick and Page (6) whole cats. 
Such analyses are extremely time-consuming. Serial studies in such large 
animals are almost impossible. 

2 It is necessary to use as bedding for the mice a substance which dis- 
solved in hot alcoholic sodium hydroxide; we used pure wool which had been 
extracted previously with ether. This material contained 9.0 mg. of sterol 
in 10 gm, 
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ported by a metal pinch clamp on the screen, su that the dishes 
were 4 to 5 em. above the bottom of the glass. Care must be 
taken to insure sufficient access of air through the neck of the 
flask, as otherwise the flask remains moist and the animals be- 
come ill and sometimes die. The daily amount of food must be 
adjusted so that the animals eat as nearly as possible all of it. 
The diet was always prepared by mixing thoroughly the experi- 
mental substance (fat, cholesterol, bile acids, ete.) in ether or 
alcohol solution with the weighed amount of bread. The food 
was dried by allowing the solvent to evaporate spontaneously. 
The experiments were continued until the amount of weighed food 
was used up (about a month). Under normal temperature con- 
ditions the animals remained in good condition. 

At the end of the experiment the two mice in the flask were 
killed by pouring in a few cc. of ether, and 15 gm. of NaOH and 
200 ec. of aleohol are added. The glass rod with the two glass 
dishes was placed in the aleoholic sodium hydroxide, and the flask 
was refluxed for 2 hours on the steam bath. The mice and the 
wool went into solution and only the bones and some particles of 
feces with small amounts of other salts remained undissolved. 
Occasionally small particles of bread also were not dissolved, but 
the sterols were completely extracted by the boiling alcoholic 
sodium hydroxide. 

The entire solution was transferred from the flask to a 500 ce. 
measuring flask, the undissolved material adhering to the wall was 
washed out with a little concentrated hydrochloric acid, and the 
measuring flask was filled to the mark with aleohol. The so- 
dium chloride which was precipitated in the measuring flask has no 
effect on the analysis. 

The solution in the measuring flask was filtered (without wash- 
ing) through a dry filter of known weight and 50 or 100 ee. of the 
filtrate (depending on the amount of sterol expected) were con- 
centrated to about 10 per cent of the original volume; water was 
added and the solution was shaken out quantitatively four times 
with ether. The ether was evaporated; the residue was dis- 
solved in aleohol, precipitated with digitonin, and weighed. The 
filter on which the bone powder, salts, and some extracted food 
particles remained, was washed with alcohol, dried at 110°, and 
weighed. For the calculation of aliquots the weight of the filter 
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residue in gm. is deducted from the total volume in cc. (500). 
The error involved in this procedure is negligibly small. 

The cholesterol content of mice is constant within relatively 
narrow limits. An analysis of seven males and seven females of 
different weight was carried out (Table I). 

The median value of the cholesterol content of the mouse 
(0.30 per cent) was employed in subsequent calculations. The 


TABLE I 
Cholesterol Content of Normal Mice 


| 20 | 19 19 19.5 18 

Sterols, per cent............. | 0.28) 0.31) 0.28 0.28, 0.29 0.30 0.30; 0.29 

Females; weight, ym................ 19 23.5 14.5 | 16.5 12 14 11 

per cent ............- 0.32) 0.29) 0.33) 0.31) 0.30) 0.29) 0.33) 0.31 
TABLE II 


Control Analyses of Mice and Food 


Sterol content 


ment Material in flask loss 
No. Caleu- 
lated I ound 
mg. per ce yt 
33 2 mice (35 gm.), 10 gm. wool 114 110 3.5 


34 342 329 4 
mg. cholesterol 
35 2 mice (36.5 gm.), 10 gm. wool, 1300 | 1419 1379 3 
mg. cholesterol 


small variation in individual mice can have no influence on the 
results of the experiments since the effects of synthesis and de- 
composition were always very large. 

The bread which was used contained 27 mg. of sterol per 100 gm. 
after 3 hours drying; the lard contained 140 mg. in 100 gm.; and 
the wool used as bedding contained 90 mg. in 100 gm. after ex- 
traction with ether. The cholesterol fed was dried at 100° in a 
high vacuum. 


3 The analysis of the wool was carried out after solution in boiling alco- 
holic sodium hydroxide. It was found again in this case that simple ether 


of flask 
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Analyses were carried out (‘Table II) as a control of the analy- 
tical procedure, especially to determine whether any sterol would 
be destroyed by boiling the entire content of the flask with alco- 
holic sodium hydroxide. 

The average loss was 3.5 per cent. When allowance is made 
for biological variation in metabolism, we believe we can place the 
error of our experiments at about 7 per cent of the individual 
results. 


TABLE III 
Cholesterol Balance on Standard Diets 
ment Calculated | Found 
gm. days mg. mig. mg. 
Bread alone 1 33 27 148 272 +124 
13 40 30 169 275 +106 
42 33 28 148 255 +107 
14 44 25 181 249 +68 
59 37.5 28 161 258 +97 
62 41.5 29 174 276 +102 
Average synthesis per mouse per day........................ +1.8 
Bread and 43 38 30 173 286 +113 
fat 44 32 28 155 289 +134 
47 34 31 172 285 +113 
49 39 27 187 310 +123 
Average synthesis per mouse per day........................ +2.1 


The diet of bread alone for each pair of mice consisted of 140 gm. of 
bread; total cholesterol in diet and bedding, 49 mg. The diet foreach pair 
of mice in Experiments 43 and 44 consisted of 130 gm. of bread and 10 gm. 
of lard; in Experiments 47 and 49, 120 gm. of bread and 20 gm. of lard. 


DISCUSSION 
With the aid of the metabolism procedure which has been de- 


scribed, it has been possible to follow the synthesis and destruction 
of cholesterol quantitatively. The experiments given are to be 


extraction in the Soxhlet removes only a part of cholesterol from protein. 
Balance experiments, which depend only on ether extraction of foodstuff, 
organs, etc. (for example, Kaufmann and Miihlbock (8)) cannot yield 
correct results. 


| 


TABLE IV 


Cholesterol Balance with Administration of Various Subslances lo the Diel 


Experi-| Weight | 
9 - ‘ 
| No. | mice ment Found 
gm, days my. mg. my. 
(a) Cholesterol, moderate ; gs 28 31 333 40S +75 
amounts * 54 27 30 330 | 406 +76 
65 27 36 330 391 +61 
66 27 34 330 397 +67 


Average synthesis per mouse per day, +1.1 mg. 


(b) Cholesterol, very large | 51 | 34 25 | 1461 HIS | — 346 
amountst 52 38 27 | 1473 | 1292 ; —181 
56 38 26 =| 1473 | 1320 | —153 


«66 29 30 1446 1226 | —220 


Average destruction per mouse per day, 4.4 mg. 


| 
+ 
' 


(©) Glycocholic acid, large | 38 28 173 
amounts} 29 143} 175 +32 
8 | 39 20 176 | 199 | +25 


Average synthesis per mouse per day, +0.4 mg. 


+ 


(d) Cholesterol and gl ycocholic 28 385 | 


acids | 100 | 2708379 455 4-76 
12 | 31 | 373) 415 | +42 


Average synthesis per mouse per day, +0.8 mg. 


(e) Cholesterol and glyco- | | 38 | 29 1473 | 1250 


cholic acid, larger amounts |) 2 | 48 26 | 1503 930 | —578 
(combination of (b) and (¢)) 3 | 36 | 28 | 1467 | 1050 | —417 
4 


35 30 1464-1300 | — 164 


Average destruction per mouse per day, 6.6 mg. 

* The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. of 
lard, and 200 mg. of cholesterol. 

+t The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. of 
lard, and 1300 mg. of cholesterol. 

t The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. of 
lard, 600 mg. of glycocholic acid, and 50 mg. of NaliCOs. 

§ The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. of 
lard, 200 mg. of cholesterol, and 100 mg. of glycocholic acid. 

|| The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. of 
lard, 1300 mg. of cholesterol, 600 mg. of glycocholic acid, and 50 mg. of 
NaHCOQ;,. 
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considered as only preliminary. Obviously they can be varied 
widely and all important food substances and drugs can be studied. 

The experiments furnish confirmation to previous work accord- 
ing to which cholesterol can in general be synthesized (Table 
Til). They show further that in total metabolism synthesis can 
play an exceptionally important part. On a diet of bread, or 
bread and fat, mice synthesize as much cholesterol in a month as 
they had in their bodies at the beginning of the experiment. The 
administration of large amounts of fat is without significant effect 
on the synthesis (Table III). This finding is opposed to the often 
expressed opinion that sterols are formed from fatty acids. 

The work confirms the experiments of Page and Menschick on 
rabbits and eats according to which cholesterol can also be de- 
composed (Table [V, 6). Our experiments furnish the explanation 
for the apparently unreconcilable difference between their results 
and those of other investigators, who had always found a synthesis 
and never a decomposition. The animal synthesizes large 
amounts of cholesterol only when this substance is not furnished 
in the diet (Table III). With the administration of moderate 
amounts of cholesterol (Table IV, a)synthesis decreases, while with 
the administration of very large amounts (Table IV, b) destruction 
takes place instead of synthesis. The amount of cholesterol de- 
stroved may be very large. The animals were able to destroy up to 
5 times their body content of cholesterol ina month. The experi- 
mental conditions were similar to that of Page and Menschick with 
rabbits and eats, to which very large amounts of cholesterol were fed. 
Had the authors fed their rabbits or cats smaller amounts. of 
cholesterol or none at all, they would probably have found a 
svnthesis instead of a destruction. 

Our experiments demonstrate further that cholic acid, which we 
fed in the form of glycocholie acid (Table IV, c, d), only slightly de- 
presses the synthesis of cholesterol. Since the fundamental 
strueture of the bile acids is very similar to that of cholesterol, a 
biological transformation of one of these substances into the other 
has seemed probable and has often been discussed. The singular 
finding, that after feeding large amounts of bile acids the choles- 
terol content of the liver increases (9), left the possibility open 
that cholesterol ean be formed in the body from bile acids. Our ex- 
periments show, however, that Hummel’s findings must have been 
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due to a storage in the liver of cholesterol which under the in- 
fluence of bile acids was transported to the liver from other parts 


of the body. 


TABLE V 
Cholesterol Balance with Administration of Various Substances to the Dict 
Sterol 
mont — Found 
(a)  Dehydrocholie 46 45 29 194 238 +44 
acid* 50 46 24 197 240 +43 
57 43 28 188 235 +47 
61 46 25 197 285 +88 


dehydrocholic 39 42.6 | 29 | 398 | re —63 
acidt 58 | 2 

60 47.5 28 | 412 | —35 


Avion: mouse day, 0.55 mg. 


| 


(c) Carotene, 7 | 32 | 28 “155 | IN? | +127 
amounts? | 2 | | +132 


Average synthesis per mouse per day, 42.2 2 mg. 


(d) Cholesterol and| | 30° 370 
carotenes 34 | 390 | +29 


! j 


Average sy mouse per dav, S mg. 


* The diet for seeks pair of mice ovnalitied of 130 gm. of heed, 10 gm. 
lard, 500mg. of dehydrocholic acid, and 50mg. of NaHCOQs. 

+ The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. 
lard, 200 mg. of cholesterol, 500 mg. of dehydrocholic acid, and 50 mg. 
NaHCO; . 

t The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. 
lard, and 10 mg. of carotene. 7 

§$ The diet for each pair of mice consisted of 130 gm. of bread, 10 gm. 
lard, 200 mg. of cholesterol, and 10 mg. of carotene. 


On the other hand, the administration of glycocholie acid along 


with large amounts of cholesterol (Table IV, ¢) causes a definite 


ly 


7 
of | 
of 
of 
of 
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given (Table [V, 6). This result is no doubt due to the large ab- 
sorption of cholesterol under the influence of the bile acids. The 
suction of dehydrocholie acid (Table V, a) is similar to that of gly- 
cocholie acid. 

This action of bile acids shows that it is necessary for cholesterol 
to be absorbed before it can be destroyed; cholesterol destruction 
takes place in the tissues themselves and not in the lumen of the 
intestine. According to recent unpublished experiments of Dam, 
intestinal bacteria are not able to destroy cholesterol. Choles- 
terol destruction is, therefore, 2 metabolic process of the animal. 

The administration of large amounts of carotene (Table V, c, d) 
was without effect on the balance. 

Our experiments lead us to the assumption that in the tissues 
cholesterol is continually being formed and destroyed. Hither a 
positive or negative balance may be found depending upon experi- 
mental conditions, t.e. synthesis may be in excess of destruction or 
vice versa. 

By decomposition or destruction of cholesterol is meant that 
substances are formed which are not precipitated by digitonin. 
It is the problem of further investigation to establish whether a 
rupture of a ring or only a less drastic change in the molecule 
takes place. However, the loss of precipitability by digitonin is 
certainly accompanied by differences in biological behavior. 


vreater destruction of cholesterol than when cholesterol alone is 


SUMMARY 


A method is presented by means of which it is possible to study 
synthesis and destruction of cholesterol quantitatively in serial 
balance experiments. 

When fed bread alone, mice synthesized in a month as much 
cholesterol as they initially contained in their bodies. When 
moderate amounts of cholesterol were administered, a smaller 
amount of cholesterol was synthesized. When large amounts of 
cholesterol were given, a considerable part was destroyed. Large 
amounts of fat or carotene had no effect on the cholesterol balance. 
Bile acids increased destruction of cholesterol, probably on account 
of more ready absorption from the intestine. 
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THE GASOMETRIC DETERMINATION OF CYSTEINE 
AND CYSTINE* 
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Washington) 
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The reaction between cysteine and iodine has been used by 
number of investigators for the estimation of cysteine. Okuda (1) 
depended upon the liberation of iodine from a 2 per cent hydro- 
chloric acid solution of potassium iodate and potassium iodide. 
Tunnicliffe (2) employed an iodine-potassium iodide solution for 
the titration of the sulfhydryl group in glutathione. Baernstein 
(3) used an iodine-potassium iodide solution and carried out the 
oxidation of the cysteine in 20 per cent hydrochloric acid. Okuda 
depended upon the appearance of the faint yellow color of free 
iodine to indicate the end-point, Tunnicliffe used the nitroprusside 
reaction as an outside indicator, and Baernstein allowed the excess 
iodine to react with hydrazine sulfate in an alkaline solution and 
measured the liberated nitrogen in a Van Slyke apparatus. In the 
iodometric methods, cystine can be determined as cysteine after 
reduction with a metal, usually zine, and hydrochloric acid. 

Baernstein (4) has published the combined sulfhydryl and 
disulfide values of a number of proteins as determined by his 
method. At the Philadelphia meeting of the American Society 
of Biological Chemists in 1932, however, Baernstein (5) distributed 
mimeographed copies of his report giving both the cysteine and 
cystine values of these same proteins. A number of these proteins 
had been analyzed by the Sullivan method (6 8); with two excep- 
tions, shrimp muscle and halibut, the hydrolysates had contained 
only cystine. The traces of cysteine present in the shrimp and 
halibut hydrolysates were converted to eystine and the total 


* This work was supported by a research grant from The Chemieal 
Foundation, Ine. 
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eystine in the hydrolysate was determined. ‘Table I shows the 
cysteine and cystine values found by Baernstein and the cystine 
values by the Sullivan method upon the same proteins. 

The averages for the fifteen proteins show that the disulfide 
value obtained by Baernstein approaches very closely the cystine 
value found by the Sullivan method, the ratio being 103.5:100. 
However, if the sulfhydryl value as found by Baernstein be added 
to the disulfide value the ratio becomes 144.7:100. It would 


TABLE I 
Cystine Yielded by Proteins 
The figures are percentages of the ash- and moisture-free substance. 


Baernstein Sullivan 

—SH | S—s 
e-Globulin, adsuki................ 0.31 0.96 1.24 
a-Globulin, Lima.................. 0.49 | 1.49 1.90 
| 0.78 | 0.91 1.27 
| 0.96 | 1.13 1.39 
Halibut muscle... Q | 97 0 82 
Shrimp 0.12 1 46 89 
0.48 | 1.20 | 1.16 


appear that the difference between the results obtained by the two 
methods lies in the fact that the Baernstein method indicates the 
presence of cysteine in the protein hydrolysates, while the Sullivan 
method does not. 

Previous work (7) had shown that carefully purified wool with 
a sulfur content of 3.52 per cent gave a cystine value (12.82 per 
cent) accounting for 97.1 per cent of the total sulfur by the Sullivan 
method, practically the same figure for the Okuda method, and 
106.3 per cent by the Folin-Marenzi (9) method. A sample of 
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this wool was hydrolyzed and the cystine determined by the 
Baernstein method. The analysis showed 4.0 per cent cysteine 
and 12.6 per cent cystine. Combined cystine and cysteine ac- 
counted for 125.7 per cent of the total sulfur while the cystine 
value alone accounted for 95.5 per cent of the total sulfur. The 
hydrolysate, in which the Baernstein procedure indicated the 
presence of 4.0 per cent cysteine, was tested for cysteine by several 
methods. The nitroprusside test for sulfhydryl compounds was 
found negative. The Folin-Marenzi procedure, without the 
sodium sulfite, gave only a trace of a blue color, far too little to 
account for 4.0 per cent cysteine. The Sullivan and the Okuda 
methods for cysteine were negative, as was also the Vickery and 
White (10) copper precipitation method. Some of these tests, if 
positive, would not necessarily indicate the presence of cysteine 
but, if negative, world be good evidence of its absence. These 
results all indicated that the Baernstein value for cysteine was a 
measure of something other than cysteine. Several other proteins 
were then hydrolyzed in order to confirm this finding. 

A sample of zein which had been analyzed by Vickery and White 
(10) was hydrolyzed and the cystine determined by the Baernstein, 
Sullivan, Okuda, and Folin-Marenzi methods. The results are as 
follows: Sullivan 0.85 per cent; Folin-Marenzi 0.89 per cent; 
Baernstein, cysteine 0.45 per cent and cystine 1.03 per cent. 
Vickery and White, using the copper precipitation method, found 
0.91 per cent cystine. The hydrolysate was again tested for 
cysteine by the same methods used upon the wool hydrolysate 
and there was no indication of its presence. Samples of leached 
casein and of egg albumin were hydrolyzed and the cystine deter- 
mined by the Sullivan and the Baernstein methods. The per- 
centage of cystine, corrected for moisture, ash, and cystine, put 
through the procedure is as follows: casein, Sullivan, 0.31, Baern- 
stein, cysteine 0.17, cystine 0.31; egg albumin, Sullivan 1.21, 
Baernstein, cysteine 0.76, cystine 1.38. Again the gasometric 
method indicated the presence of considerable amounts of cys- 
teine, while all the other methods gave negative results. The 
disulfide values obtained by the Baernstein method approached 
the cystine values as determined by the Sullivan method. It 
would thus appear that the disulfide group was determined with 
« fair degree of accuracy by the Baernstein method but that the 
sulfhydryl determinations bore little or no relation to cysteine. 
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An attempt was made to determine what the substance or sub- 
stances might be that reacted similarly to cysteine in the gaso- 
metric procedure. A number of possible protein decomposition 
products, such as glyoxal and methylglyoxal, were tested by the 
Baernstein method. They were found to be negative. Pyruvie 
acid, however, reacted as does cysteine, in that 6.0 mg. of pyruvic 
acid were the equivalent of 1.0 mg. of cysteine. A mixture of 
some of the amino acids in the proportion in which they are found 
in casein was prepared as follows: glycine 4.5 mg., tryptophane 
22.0 mg., arginine 38.0 mg., tyrosine 65.0 mg. These amino 
acids were heated for 8 hours with 5 ec. of 20 per cent hydrochloric 
acid, and the hydrolysate gave no reaction for cysteine in the 
Baernstein procedure. On the other hand, when 10 mg. of dex- 
trose and the same mixture of amino acids were heated for 8 
hours with 5 ec. of 20 per cent hydrochloric acid, the hydrolysate 
gave the equivalent of 1.64 mg. of cysteine in the Baernstein 
procedure but negative results were obtained by the Sullivan or 
Okuda method. A mixture was then prepared containing all the 
amino acids found in casein, as given in Hawk and Bergeim (11), 
except cystine, hydroxyglutamic acid, and serine. All the amino 
acids were dissolved in 5 ec. of 20 per cent hydrochloric acid and 
10 mg. of dextrose were added. The solution was heated for 8 
hours and the resulting hydrolysate gave the equivalent of 0.34 
per cent cysteine in the Baernstein procedure, while the other two 
methods used above gave negative results. 

It has been stated (12, 13) that nearly all proteins contain carbo- 
hydrate, with figures ranging from 1 per cent in serum albumin to 
4 per cent in egg albumin. If this is correct, the results obtained 
by heating a number of amino acids with sugar, in the ordinary 
hydrolysis procedure, would explain, at least in part, the finding 
of material in protein hydrolysates reacting as cysteine does in 
the Baernstein method. Whatever the explanation may be, the 
fact remains that the gasometric cysteine method shows the pres- 
ence of eysteine in a number of protein hydrolysates, while all 
other methods emploved indicate its absence. 
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THE STABILITY OF CAROTENE IN ETHYL ESTERS OF 
FATTY ACIDS, AND IN LIVER AND VEGETABLE OILS* 


By FRANCIS G. McDONALD 


(From the Research Laboratory, Mead Johnson and Company, Evansville, 
Indiana) 


(Received for publication, September 30, 1933) 


2 years ago it was recommended (2) that carotene be adopted as 
the provisional standard for vitamin A. In the preparation of 
carotene solutions for administration to animals, the solvent 
employed is important because of the unstable character of caro- 
tene. A study of the stability of carotene in various solvents and 
under different conditions was suggested by this instability. 

The investigations of Schertz (3), Hume and Smedley-MacLean 
(4), Oleovich and Mattill (5), and Turner and Loew (6), show that 
solutions of carotene in absolute ether, ethyl oleate, ethyl laurate, 
and oleic acid deteriorate rapidly. Solutions in absolute alcohol, 
petroleum ether, paraffin oil, olive oil, cottonseed oil, and hardened 
cottonseed oil were relatively stable. Addition of small quantities 
of hydroquinone to the carotene was found to stabilize the solu- 
tions. Since the preliminary report of this work was presented 
(1) Baumann and Steenbock (7) have published results on the 
stability of carotene in vegetable oils, esters, and organic solvents. 
Wesson oil was outstanding among the vegetable oils. Ethyl ace- 
tate, ethyl succinate, ethyl aleohol, and methyl alcohol were the 
most satisfactory of the esters and other organic solvents. 

For the present study the following solvents were selected: three 
highly purified esters (ethyl butyrate, ethyl laurate, and ethyl 
palmitate), one liver oil (medicinal cod liver oil), and three refined 
vegetable oils (maize oil, peanut oil, and Wesson oil). Solutions 
of 0.05 per cent of carotene in these solvents were prepared by 
warming to about 30° for a few minutes. The solutions were 


* Presented before the Twenty-seventh meeting of the American Society 
of Biological Chemists at Cincinnati, April 10-12, 1933 (1). 
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stored in partially filled, tightly stoppered brown bottles at 37°, 
24°, and 5°. Similar solutions were made up in tubes which were 
evacuated, sealed, and stored at 37°. The carotene employed was 
a mixture of the a and £ isomers which melted at about 172°. 

At the end of 1, 2, 4, and 8 weeks the solutions were sampled for 
carotene determinations, care being taken to avoid excessive ex- 
posure. The determinations were carried out with the aid of a 
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Cuart I. Stability of carotene solutions stored in partially filled, tightly 
stoppered brown bottles at 37°. 


spectrograph and sector photometer by suitably diluting the solu- 
tions in benzene and making a series of sector photometer spectro- 
grams. From the observed extinction limits of the 462 mu 
carotene absorption band, the quantity of carotene was calculated. 


Results 


The results obtained are graphically shown in Charts I to IV. 
It is apparent from Chart I that solutions of carotene in ethyl] 
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butyrate, ethyl laurate, ethyl palmitate, and peanut oil at 37° 
were very unstable. All of the carotene disappeared within 1 
week in the esters and within 2 weeks in peanut oil. The loss of 
carotene in cod liver oil and maize oil amounted to more than 80 
per cent in 8 weeks; whereas the loss in Wesson oil for the same 
period was only 60 per cent. 

From Chart I] it is evident that at 24° the destruction of carotene 
in the esters was again complete within 1 week. In peanut oil and 
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Cuarr I]. Stability of carotene solutions stored in partially filled, 
tightly stoppered brown bottles at 24°. 


cod liver oil the decomposition was slightly retarded. The caro- 
tene in maize oil and Wesson oil disappeared slowly after the Ist 
week, so that at the end of 8 weeks approximately 20? per cent 
was lost in the case of Wesson oil and 27 per cent |in the case of 
maize oil. 

The results given in Chart III show that at a lower temperature, 
5°, the loss of carotene was less in all of the solvents. The curves 
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for ethyl laurate, ethyl butyrate, ethyl palmitate, and peanut oil 
show a diminishing amount of carotene for the first 4 weeks, with 
complete loss of the carotene in the first ester. In 8 weeks all of 
the carotene disappeared in the solutions of ethyl butyrate and 
ethyl palmitate, and at the same time 92 per cent vanished in the 
peanut oil. The loss of carotene in the cod liver oil was relatively 
small in 4 weeks and in 8 weeks only 29 per cent was destroyed. 
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Cnarr III. Stability of carotene solutions stored in partially filled, 
tightly stoppered brown bottles at 5°. 


The carotene was stable in maize oil and Wesson oil for 4 weeks, 
as the loss at the end of this period was approximately 5 per cent 
or within the limit of error of the determination. However, by 
the end of 8 weeks there was a small loss of the carotene in maize 
oil and Wesson oil, 11 per cent and 8 per cent respectively. 

Chart IV reveals that storage of the solutions in evacuated 
sealed tubes at 37° resulted in better protection in the solvents 
of low protective power with the exception of ethyl butyrate. 
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Evidently the removal of oxygen played an important role. To 
avoid evaporation of the ethyl butyrate, which has a low boiling 
point, the tube containing the solvent was evacuated for only a 
few minutes. ‘This presumably failed to remove all of the dis- 
solved oxygen, a fact which may account for the loss of the caro- 
tene within 2 weeks. ‘The loss of carotene in the other two esters 
amounted to slightly more than 75 per cent in 8 weeks, and in the 
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Cuart LV. Stability of carotene solutions stored in evacuated sealed 
tubes at 37°. 


same time only 44 per cent in the peanut oil. Cod liver oil was 
also a better protective solvent under this condition, 17 per cent of 
carotene disappearing in S weeks. ‘The curves for maize oil and 
Wesson oil show losses of carotene of about 15 per cent after 8 
weeks. 

DISCUSSION 


These findings are of importance to those who are interested in 
keeping carotene solutions for physiological studies. The data 
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for maize oil and Wesson oil solutions stored in bottles at 5° show 
that it is possible to make up solutions of known concentration and 
keep them for as long as 4 weeks. Although in these experiments 
Wesson oil was the most satisfactory solvent, one should keep in 
mind that the product under this trade name is not necessarily 
always the cottonseed oil that it is commonly presumed to be. 
Carotene was relatively stable in cod liver oil in the absence of 
oxygen at 37°, while under the other conditions of this investigation 
the results were disappointing. The other solvents, peanut oil and 
the three esters, proved to be unsatisfactory. It is evident that a 
combination of the favorable factors—absence of oxygen, low 
temperature, and the proper vegetable oil—constitutes the ideal 
condition for the storage of carotene solutions. 


SUMMARY 


Solutions of carotene in ethyl butyrate, ethyl laurate, ethyl 
palmitate, and peanut oil stored in partially filled, tightly stop- 
pered brown bottles at 37°, 24°, and 5°, and in evacuated sealed 
tubes at 37° decomposed very rapidly. The loss of carotene in 
eod liver oil under similar conditions was also rapid at 37° and 
24°, but it was considerably retarded at 5° and in the absence of 
oxygen at 37°. Solutions in maize oil and Wesson oil in stoppered 
bottles at 37° and 24° were unstable, while at 5° they kept well for 
4 weeks, and showed a small loss in 8 weeks. In evacuated sealed — 
tubes at 37° they showed a loss of carotene of 15 per cent in 8 weeks. 
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STUDIES ON THE PHOSPHATASE CONTENT OF THE 
WHOLE RAT AND OF THE VASOLIGATED KIDNEY 
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The function of the enzyme phosphatase is not well understood. 
It is distributed throughout the body and is probably present in 
largest quantities in the bone cells of the growing animal. Thus 
far studies of this enzyme have been confined to individual tissues, 
particularly bone, cartilage, kidney, intestine, and blood. It has 
been found that the phosphatase activity of these tissues may 
change under varying conditions of growth, diet, and disease. 
Kay (1) and Bakwin and Bodansky (2) have pointed out the diff- 
culties in determining the quantitative distribution of phosphatase. 

The present work was undertaken to obtain a composite picture 
of the changes in the phosphatase activity of the whole organism 
during growth and metabolic disturbances. In view of the high 
phosphatase activity of the kidney and the readiness with which 
calcification can occur in association with renal tissue, a study of 
the normal and the vasoligated kidney was carried out. 


Phosphatase Content of White Rat at Different Ages 


The chemical content and functional activities of tissues may 
change markedly with increasing age. Donaldson (3) made a 
detailed study of the relationship existing between the weight of 
the fresh skeleton and the body weight of the rat. It was found 
that the fresh skeleton comprised the greatest percentage of the 
body weight between the ages of 13 and 21 days. Hatai (4) was 
the first to report that the percentage of total solids in the intact 


* The data in this paper are taken in part from a dissertation presented 
by Fredrick W. Kinard in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, University of Virginia, 1933. 
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rat approached a maximum at the end of the 3rd week. — Sinelair 
(5) found that the phospholipid content of the moist, fat-free 
tissues of the whole rat increased rapidly after birth and reached a 
maximum value in about 3 weeks. According to Chanutin (6). 
the critical period in the chemical growth of the rat occurs approxi- 
mately at the time of weaning, that is at about 20 to 30 days of 
age. At this time, the concentration of total solids, fat, ash, and 
creatine of the whole rat closely approximates the values obtained 
at ‘“‘chemical maturity.” 

Kay (1) has summarized the relative glycerophosphatase activ- 
ity of individual tissues in adult animals. It was found that the 
kidney, bone, and intestine have the highest activity. Inthe 
young rabbit and rat it was demonstrated that there were rapid 
and marked changes in the phosphatase content of the kidney, 
bone, and incisors. Kay states that ‘the amount of phosphatase 
is higher in the rapidly growing whole bone and tooth than in any 
other structure. The growing bone diminishes in phosphatase 
content after birth of the animal (rabbit) whilst the kidney phos- 
phatase increases as the organ becomes fully functional.’”’ There 
has been comparatively little work done on this subject in the 
young growing organism. 

Procedure— Albino rats raised and bred in this laboratory were 
used in all experiments. The young rats were weaned at 4 weeks 
of age and were given a stock diet.' Neither pregnant animals 
nor nursing mothers were used. 

The animal was killed by a sharp blow on the neck. The ab- 
dominal cavity was opened and the gastrointestinal tract was 
freed of its contents. In the very young rats only the stomach 
was emptied. The whole rat was then ground three times in a 
fine-cutting meat grinder, the tissue being mixed well after each 
grinding. Loss of blood was guarded against throughout the 
procedure. Representative samples were placed in covered 
aluminum dishes and weighed. They were quantitatively trans- 
ferred to a volumetric flask (a volume of 15 to 20 ce. for each gm. 
of tissue), chloroform water was added to the mark, and the mix- 
ture allowed to stand for 45 hours with oceasional shaking. The 
extraction, filtration, adjustment of hydrogen ion concentration, 

' A prepared dog food, Bal Ra, purchased from the Valentine Meat Juice 
Company, Ine., Richmond. 
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and incubation were essentially the procedure recommended by 
Kav (7). Sodium £-glycerophosphate (Kastman Kodak Com- 
pany No. 644) was used as substrate. Inorganic phosphorus was 
determined by the method of Fiske and Subbarow (8). The unit 
of phosphatase activity as defined by Kay (7) was used. 
Results— The results for phosphatase activity (units per gm. of 
tissue) are plotted against the age of the animal in Chart I. The 
animals listed at 0 were those known to be less than 10 hours of 
age. The lowest values for young animals were obtained at birth. 
A few analyses were carried out on a number of fetuses and values 
lower than those of the youngest animals were obtained. These 
data were not included because the fetal age was not known. De- 
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Cuart I. The phosphatase content of the growing rat 


spite the variations noted in individual animals of the same age, 
there can be no question concerning a definite trend in the changes 
of phosphatase content of the whole rat. The increase is rather 
abrupt and reaches the upper limits between the 13th and 20th 
days of life. During the next 5 days there is a very marked drop 
in activity, the values falling below those seen at birth. After the 
30th day, phosphatase activity decreased rather slowly until a 
fairly definite low level was reached about the 60th day. All 
animals studied showed phosphatase activity. 

A rather precipitous increase and decrease in the early days of 
life must have an important functional significance. The highest 
content of phosphatase is reached when the animal has deposited 
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close to a maximum concentration of total solids, fat, ash, and 
creatine. Since the ratio of ash and skeletal weight to body 
weight is greatest at the time of the highest activity of phospha- 
tase, one may assume that additional evidence has been presented 
to indicate that this enzyme is associated with bone formation. 


Effect of Irradiated Ergosterol on Phosphatase Content of Rat 


The pathological and physiological action of irradiated ergo- 
sterol has been described by a number of workers. The calcifica- 
tion of tissues and the hypercalcemia are indicative of the marked 
effect of irradiated ergosterol on calcium metabolism. 

Comparatively little work has been reported concerning the 
effect of irradiated ergosterol on phosphatase activity in tissues. 
The evidence available indicates that this material produces either 
no change or a decrease in the phosphatase activity of the various 
tissues studied. Taylor, Weld, Branion, and Kay (9) found a 
reduced phosphatase content in the plasma, bone, and kidney of 
rats receiving excessive amounts of irradiated ergosterol. After 
administering vigantol to rabbits over a period of 2 to 53 months, 
Baumgartner, King, and Page (10) invariably found that bone 
phosphatase activity decreased. Page and Reside (11) found no 
striking differences from the normal values in the aorta, kidney, 
liver, intestine, brain, bone, lungs, large intestine, suprarenal, and 
heart of rabbits fed vigantol. Heymann (12) made zn vitro studies 
on rat tissues treated with irradiated ergosterol and ultra-violet 
rays. The addition of vigantol to the kidney, small intestine, 
feces, and bone had no effect on the phosphatase. In six of six- 
teen experiments in which the small intestine, kidney, liver, and 
serum were irradiated with ultra-violet light, phosphatase activity 
was retarded. 

Procedure—Healthy rats at various ages were given irradiated 
ergosterol? by mouth. Because of the potency of this preparation 
(10,000 X), it was necessary to dilute it with cottonseed oil. The 
daily dose given and the frequency of administration varied with 
the age of the animal. An effort was made to administer this 
material over a relatively long period without causing toxic 
effects. Jhe youngest animals were given 0.001 cc. of the po- 


* The irradiated ergosterol was kindly furnished by Mead Johnson and 
Company. 
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tent preparation for periods varying from 6 to 13 days. After the 
3rd week, doses of 0.025 ce. were given for periods varying from 
5 to 60 days. A few of the adult animals received 0.05 ce. for 
about 2 weeks. A number of control animals were given cotton- 
seed oil in quantities equal to the irradiated ergosterol mixture. 
The method for the determination of blood calcium was slightly 
modified in order to shorten the period of analysis. The proce- 
dure recommended by Clark (13) with modifications and precau- 
tions suggested by Rymer and Lewis (14) was essentially followed. 
After drawing the blood from the abdominal aorta under ether 


Control 
£20 
= ~ 18 ‘ 
@ 
x = 
x 
2 ® 
15 30 45 60 75 ADULT 
DAYS OF AGE 


Cuart II. The effect of irradiated ergosterol on the phosphatase con- 
tent of the whole rat. 


anesthesia, the usual procedure of treating the plasma with dis- 
tilled water and ammonium oxalate was followed. After the 
precipitate had stood overnight, it was collected in a 15 ce. Jena 
4G4 sintered glass filter. With the aid of suction this precipitate 
was washed and dried ina few moments. This step eliminated the 
possible loss of calcium oxalate that might occur during the many 
steps involved in successive washings and centrifugations. The 
precipitate was dissolved by treating with normal sulfuric acid 
and the solution collected in a side arm tube. The usual procedure 
of titrating with potassium permanganate was followed. 
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Results— The toxic effects that manifested themselves in list- 
lessness, loss of weight, diarrhea, and other well described signs 
were particularly noted in the younger animals. Gross sclerosis 
of the abdominal aorta was seen in only « few animals. 

The effect of irradiated ergosterol on the phosphatase activity 
of the whole rat is shown in Chart II. The first results were 
obtained on the llth day. Some of these animals had received 
irradiated ergosterol from the time of birth. The phosphatase 
content of the dosed animals remained within the control range 
until the 15th day. At this time, the enzyme activity was markedly 
increased above the control value and continued high until the 
20th day. It should be pointed out that this is the period of 
greatest phosphatase activity in the stock animals. Between the 
20th and 30th days, the values for the experimental and control 
animals remained the same. From this time until the 60th day, 
the dosed animals had a slightly higher phosphatase content. 
There is no difference in the enzyme activity of the experimental 
and control adult animals. 

The results of blood calcium determinations were inconclusive. 
Analyses were carried out on nine dosed adult animals and only 
four were above the upper limits of normal. The phosphatase 
content of all these animals was normal. 

The effect of irradiated ergosterol on the phosphatase content of 
the rat between the 15th and 20th days of life may be considered 
as further evidence that the weaning period is the most sensitive 
chemical phase in the life of this animal. Furthermore, it is felt 
that indirect evidence has been presented to support the thesis 
that phosphatase is concerned with bone formation. It is pos- 
sible that individual tissues of dosed young animals would show 
definite changes in phosphatase content. 


Phosphatase Content of Rachitic Rats 


Robison (15) has discussed the phosphatase activity of the bones 
of rachitic animals. It has been found that there is no lack of the 
enzyme under these conditions. 

Rats weighing 50 to 60 gm. were placed on the Steenbock Ra- 
tion 2965 (16). Control animals were fed the same diet plus 5.0 
per cent cod liver oil. After 5 weeks on the experimental and con- 
trol diets, it was found by the line test that severe rickets had de- 
veloped in the experimental animals. 
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Although the number of control (five) and experimental (nine) 
animals was small, there appeared to be a small difference in the 
phosphatase content in these two groups. The phosphatase con- 
tent of the control group varied from 3.0 to 5.2 units per gm. of 
tissue, in contrast to 2.2 to 3.7 units in the rachitic rats. The 
phosphatase values of the rachitic rats were approximately the 
same as those obtained in animals of the same age in the control 
group on the stock diet. 


Phosphatase Content of Normal and Vasoligated Kidney 


Jordan, Kindred, and Paine (17) demonstrated that there was 
bone formation in the vasoligated rat kidney 4 weeks after ligation. 
Remesow (18) investigated the changes in the calcium content of 
the dystrophic kidney of the rabbit and found it to be progressively 
increased after ligation. Huggins (19) has shown that when 
bladder, ureter, and kidney pelvis were transplanted to the rectus 
sheath, the connective tissue adjacent to the transplant ossified. 
The bone formed was true spongy bone with Haversian canals and 
hematopoietic bone marrow. Bone formation did not occur after 
similar transplantation of gallbladder, gastric, jejunal, and pro- 
static epithelium into fascia. Huggins (20) studied the phospha- 
tase activity of these tissues at varying intervals after transplanta- 
tion and demonstrated a high phosphatase content simultaneously 
with the appearance of bone. 

Procedure—Mature albino rats, fed a stock diet, were operated 
on under ether anesthesia. After incision into the peritoneal cav- 
ity, the left kidney was brought to the surface, a loop of white 
cotton thread passed over it, and the loop closed to ligate the 
vessels of the kidneys at the hilus. The ligated kidney was re- 
turned to its position, and the peritoneum, muscle wall, and skin 
brought together in two layers with a continuous suture of black 
silk. The control animals were carried through the same opera- 
tive procedure, the left kidney exposed, handled, and replaced. 
At various intervals following operation, the animals were killed 
by a blow on the neck, the left kidney was removed, freed of fat 
and excess blood, decapsulated, and weighed. The phosphatase 
activity of the kidney was determined by a method essentially 
that of Kay (7, 21). 

Results—The data for the phosphatase activity of the ligated 
and control kidneys are presented in Chart III. The phosphatase 
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content of the ligated kidney decreased immediately after opera- 
tion. On the 16th day several of the ligated kidneys showed only 
the slightest trace of phosphatase and could be classified as giving 
negative results. After this time, the phosphatase activity varied 
within wide limits, the majority of results varying between 0 and 
5 units as contrasted with the consistently high values obtained 
in the control kidneys. 

Only those kidneys were chosen for analysis that showed evi- 
dences of autolysis with calcification. These kidneys were char- 
acterized by the presence of a material with a creamy color and 
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Cuart Ill. The phosphatase content of the control and vasoligated 
kidney. 


consistency. The ligated kidneys showing an atrophic appear- 
ance were discarded. 

The function of the phosphatase of the kidney is not understood. 
Since calcification takes place in the ligated kidney, it has been 
suggested that this may be due to phosphatase (1). However, it 
was found that several kidneys removed 70 days after ligation, 
which were very hard and had evidently calcified to a considerable 
extent, showed no phosphatase activity. Calcification in the 
ligated kidney is probably not dependent upon the presence of 
phosphatase. The microscopic bone formation, not seen in every 
ligated kidney (18), may be dependent upon the presence of small 
amounts of phosphatase. 
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SUMMARY 


The phosphatase activity of the whole rat increases rapidly 
from the time of birth until a maximum is reached between the 
13th and 20th days. At this time there is an abrupt decrease 
lasting about 10 days. This is followed by a slow decrease until 
the 60th day, after which time the phosphatase concentration 
remains constant. | 

The administration of irradiated ergosterol causes a marked rise 
in the phosphatase activity between the 15th and 20th days. 
There is also a slight increase in activity between the 30th and 60th 
days. There is no change in the phosphatase content of adult 
animals despite the disturbance in calcium metabolism as demon- 
strated by hypercalcemia. 

There is a very slight change in the phosphatase content of the 
rachitic animal. 

The phosphatase activity of the kidney decreases immediately 
after ligation and reaches a zero value about the 16th day. After 
this time variations are seen in these kidneys but in the majority 
of cases the phosphatase content practically disappears. It is felt 
that calcification in the dystrophic kidney is not dependent upon 
the presence of phosphatase. . 

A modification for the determination of calcium is presented. 
Time-consuming centrifugations are eliminated by the use of a 
sintered glass filter. 
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THE DETERMINATION OF THE BASES OF SERUM 
AND WHOLE BLOOD* 


By PAULINE M. HALD 


(From the Department of Internal Medicine of Yale University, New Haven) 
(Received for publication, September 11, 1933) 


In the conduct of water balance studies which are being made 
in this laboratory, the need arose for more accurate and economical 
methods for determining sodium, potassium, and total base in 
serum and whole blood. As the result of an investigation of the 
established methods, a technique has been developed for the direct 
determination of calcium, magnesium, potassium, and sodium, as 
well as the combined sulfates of potassium and sodium from a 
single ash representing 2 ce. of serum or whole blood. The sum 
of these fractions may be determined with an error not greater 
than +2 per cent of the total. If calcium and magnesium deter- 
minations are omitted, 3 ec. are sufficient for the determinations in 
duplicate of potassium, sodium, and total base. 

By employing small funnels of Jena fritted glass (No. 12G4) it 
is possible to separate the calcium, magnesium, potassium, and 
sodium fractions suecessively from an ash made up of their sul- 
fates. Washing and extracting can be done quantitatively with- 
out introducing the use of aliquots and thereby diminishing the 
quantities of material available. Ashing is carried out in a muffle 
furnace. Phosphate is removed with a minimum number of trans- 
fers and ashings. The use of platinum dishes is unnecessary. 

The determination of the combined sulfates not only serves as a 
eheck on the direct determinations of potassium and sodium, but 
the result when added to the caleium and magnesium fractions 
checks the total base as well. 

Serum taken from ten normal individuals was analyzed for both 
acids and bases. Determinations were made of bicarbonate, chlo- 


* Part of the expense of this investigation was defrayed by au grant from 
the Ella Sachs Plotz Foundation. 
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ride, inorganic phosphorus, total protein, albumin, globulin, and 
calcium, magnesium, potassium, sodium, combined sulfates, and 
total base. 


Determination of Total Base 


Principle of Method—By ashing in a muffle furnace with sulfuric 
acid and ferric sulfate, a dry ash is obtained which contains all of 
its phosphate as insoluble iron phosphate with any excess iron as 
insoluble iron oxide, and which contains the blood bases in the 
form of sulfates which are soluble. The sulfate is determined 
directly by the benzidine method on an aliquot from which the 
insoluble iron salts have been removed. 

Reagents—Sulfuric acid, 4.N. 

Ferric sulfate solution, 12.9 gm., diluted to 1 liter. 

Benzidine Solution—4 gm. of benzidine, which have been ground 
in a mortar with 50 ee. of N hydrochloric acid, are diluted to 250 
ec. with distilled water. The solution is filtered if necessary, after 
which it is stored in a dark glass bottle (1). 

Sodium hydroxide, 0.02 Nn. 

Phenolphthaletn indicator, 1 per cent alcoholic solution. 

Acetone, 95 per cent. 

Procedure—In a 30 ee. porcelain dish is placed 1 ce. of serum or 
whole blood. For serum 1 ee. of the sulfuric acid and 1 drop of 
ferric sulfate solution are added. For whole blood the ferric sulfate 
is not required, because the hemoglobin contains enough iron to 
eombine with all the phosphorus. 

‘The dish is placed on a steam bath for 2 hours or longer. At 
this point water has been driven off and a charred, syrupy mass 
remains. It is then transferred to a cold muffle furnace and the 
temperature advanced to 580-600°. This temperature is main- 
tained for 3 hours or until the ash appears perfectly white except 
for the slight red or black coloration of the iron oxide. If, after 
ashing, no traces of red or black iron oxide are apparent, dilute 
with a little water, add 1 drop of ferrie sulfate solution, and ash 
again. Unless the serum has an extremely high phosphorus con- 
tent this will not be necessary. ‘Too large an excess of iron intro- 
duces difficulties in the solution of the ash; therefore, a 2nd drop 
is not added unless required, which is rarely. 

The dish is now cooled and the ash extracted and transferred 
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with six or seven 2 ce. portions of distilled water, aided by a small 
footed stirring rod. A small amount of iron oxide adhering to the 
dish at this point may be disregarded. ‘The insoluble salts may 
be filtered out through a Jena fritted glass funnel and the filtrate 
collected in the benzidine precipitation tube. If centrifugation is 
preferred, the ash is transferred to a 25 ec. conical volumetric cen- 
trifuge tube. The supernatant fluid after spinning should be 
water-clear. In this procedure an aliquot of fluid is pipetted off 
and transferred to the precipitation tube. To the filtrate or 
centrifugate are added 2 ec. of benzidine solution, followed by 2 to 
4 ee. of acetone, which diminishes the solubility of the benzidine 
sulfate. 

It is sometimes desirable to ash more than a single ee. 2, 3, or 
4 ce. may be treated in the same fashion by increasing the amounts 
of sulfurie acid and ferric sulfate proportionally. This applies 
especially to the determination of the benzidine sulfate by the 
eravimetric method where an aliquot of smaller volume is prefer- 
able. 

Volumetric Determination of Benzidine Sulfate—After it has stood 
10 minutes, the benzidine sulfate precipitate is filtered and washed 
with three 1 ce. and two 5 ce. portions of acetone, followed by one 
2 ce. portion. Care must be taken to prevent this precipitate from 
becoming dry and consequently insoluble. ‘The filtration may be 
made through filter paper but a filter of fritted Jena glass is to be 
preferred. After washing with acetone, the filter is returned to 
the precipitation tube to which 8 ce. of distilled water have been 
added. ‘The tube is then carefully heated until the acetone has 
been entirely expelled. A drop of phenolphthalein is added and 
the solution is titrated while still hot with sodium hydroxide until 
a faint permanent pink color persists after boiling. A blank deter- 
mination must be carried out in a similar manner. 

Calculation—(f(A—B) 0.02 1000)/V0 = milli-equivalents 
of base per liter. A and B equal the ec. of sodium hydroxide used 
in titrating the sample and blank respectively. V equals the 
number of ee. which the sample represents, while f is the normality 
factor of the sodium hydroxide. 

Gravimetric Determination of Benzidine Sulfate—lIf a microchemi- 
eal balance is available, the benzidine sulfate may be weighed 
accurately. A rubber stopper is inserted beneath the filtering 
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disk in the bottom of a clean, weighed crucible of Jena fritted 
glass (No. 10G3). 2 ee. of benzidine hydrochloride are introduced, 
followed by an aliquot of phosphate-free filtrate of the ash of 
blood or serum, equivalent to approximately 0.5 to 1 ee. of serum 
or whole blood. This aliquot, which should not exceed 10 ec. in 
volume, must be added slowly, preferably from a pipette, to pre- 
vent sudden precipitation which yields 1 precipitate too fine to be 
retained by the filter. 2 ce. of acetone may be added to aid pre- 
cipitation. After standing 10 minutes the precipitate is filtered 
and washed with five 2 ec. portions of acetone. The crucible is 
then transferred to an oven and allowed to remain half an hour at 
70-100°. After it has cooled to room temperature in a desiccator, 
the salt is weighed. Investigations of this salt in larger amounts, 
made by Dr. Paul Lavietes in this laboratory, show that 1 milli- 
equivalent weighs 150 mg. ‘This would correspond to a possible 
salt, benzidine sulfate, containing 1 molecule of water, the molec- 
ular weight of which would be 300. Blank{determinations have 
been entirely negative. 

Calculation—-1000A /150V> = milli-equivalents of base per liter. 
A is the weight of the benzidine sulfate in mg. and V the number 
of ce. which the sample represents. 

Discussvon of Total Base Determination—The estimation of total 
base in serum and whole blood is a long and difficult procedure. 
Since the appearance of the Stadie and Ross (2) method in 1925, 
many workers have offered modifications and changes in one part 
of the procedure or another. In the present study each step was 
investigated with a view to reducing the difficulties and inaccu- 
racies involved. 

Ashing—Previous to 1932 the method of ashing used in this 
laboratory (3) was the Neumann wet ashing with sulfurie and 
nitric acids plus 30 per cent hydrogen peroxide. Much of the 
analyst’s time was spent in conducting this digestion over a free 
flame. The proposed dry ashing consumes less of the analyst’s 
time and makes the use of platinum dishes unnecessary. Com- 
parisons on ten sera of the Neumann and the muffle ashing indicate 
very clearly that the latter gives complete recovery of base and 
more consistent checks. In three instances comparison of the 
dry ashing technique applied directly to serum with the same 
technique applied to a trichloroacetic acid filtrate demonstrated 
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that the proteins present do not interfere with complete recovery 
of base. 

Wright and Allison (4) pointed out that under some conditions 
of heating it is possible to convert magnesium sulfate to the oxide 
and thus lose some of the base prior to the determination of sulfate. 
In order to determine whether this is true when heating in the 
mufHe is continued for relatively long periods of time at the tem- 
perature required when ashing blood, the following study was 
made. Sulfate determinations were made on solutions of mag- 
nesium sulfate that had not been heated and on equivalent amounts 
that had been ashed in a muffle furnace at 590° for 12 hours and at 
750° for 9 hours. The results given in Table I show that there 
was no uppreciable loss. 

TABLE I 
Recovery of Sulfate from MgSOgq Solution 


Hleated at 750° 


Heated at 590° 


solution No. | Not heated 
1 217.3 217.4 216.0 
2 215.0 215.4 215.2 
3 215.0 215.2 
4 216.2 216.0 
Averame......... 215.8 | 216.0 | 215.6 


It was thought possible that phosphate removal might be un- 
necessary when ashing was done under the uniformly controlled 
conditions of the muffle furnace. This would be possible only if 
the phosphorus were converted to a form which reacted with 
benzidine quantitatively as does the sulfate. A series of compara- 
tive determinations on twelve sera indicated that this was not the 
case. In general, failure to remove phosphate gave a value lower 
by 1 to 3 milli-equivalents than when it had been removed. 

The removal of phosphate by adding ferric sulfate to the dis- 
solved ash, with its accompanying additions of solutions, transfers, 
and reashing, has been the most difficult and hazardous part of 
the entire total base procedure. Whole blood, when ashed in either 
the wet or dry way, leaves a precipitate which can be dissolved with 
difficulty and sometimes not at all. Previously great care was 
taken to dissolve this precipitate as completely as possible before 
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proceeding. Upon careful investigation of the dry ash of whole 
blood it was found that this difficultly soluble white salt is ferric 
phosphate and the small amount of red salt is ferric oxide. Upon 
extracting the ash of two separate whole blood samples with dis- 
tilled water and centrifuging out the precipitate, it was found that 
the supernatant fluid contained neither iron nor phosphate.  Esti- 
mations of base in one blood sample in quadruplicate, in two salt 
mixtures containing phosphorus, and of sodium in two specimens 
of urine showed that no base is lost by this procedure under the 
conditions prescribed for the analysis of blood and serum. ‘The 
supernatant fluid contains all the bases as neutral sulfates. An 
aliquot may be used directly for the benzidine precipitation. 
Anemic blood (count 2,500,000 red blood cells) was ashed to deter- 
mine whether in such eases iron is present in excess of phosphate. 
The iron content was found to be large enough to precipitate all 
the phosphate. 

‘The same principle was applied to serum by adding ferric sulfate 
in slight excess before ashing. ‘The results of analysis of three sera 
with high phosphate content from nephritic patients were entirely 
satisfactory. ‘To establish this point more conclusively, a theoreti- 
cal solution containing phosphate was ashed with ferric sulfate 
and the ash was analyzed for sodium. The results agree with 
theory, which could not be the case if phosphate were present. 

Various authors have written at length on the difficulty en- 
countered in the determination of blank values. The differences 
due to variations in the base content of filter paper are very wide 
and often entirely inconsistent over even a short series. ‘The use 
of filters of Jena glass eliminates this difficulty. Those of porosity 
3 have been found satisfactory, if the precipitation is not allowed 
totake place too rapidly. The solution of sulfates should be added 
slowly to the benzidine to bring down a coarser precipitate. 

The gravimetric technique is by far the most satisfactory. ‘The 
precipitate from 0.5 ec. of normal serum weighs approximately 10 
mg. The results obtained on duplicate determinations are in 
much closer agreement than those obtained by titration. If suffi- 
cient serum is available, an aliquot equivalent to 1 ce. is advisable. 
Possible errors which result from the transfers involved are mini- 
mized by weighing this larger amount of salt. The error of the 
method does not exceed 1 per cent. 
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Determination of Base Fractions, Ca, Mg, K, and Na, in Serum and 
Whole Blood 


Principles of Method—Serum or whole blood is ashed in a muffle 
furnace with sulfuric acid. This converts to sulfates all bases with 
the exception of those bound to phosphate. The ash is dissolved 
and the bases fractionated and determined in the following order: 
calcium, magnesium, potassium, sodium, and in addition the com- 
bined sulfates of potassium and sodium. By the use of Jena glass 
filters at each step the original amount of each fraction is main- 
tained. This eliminates the use of aliquots, which reduce the 
amount of base to be determined. 

From the dissolved ash, calcium is precipitated as the oxalate. 
This is filtered out and determined, after solution with sulfuric 
acid, by titration with potassium permanganate. 

Magnesium is next removed by precipitation as the ammonium 
phosphate, which is likewise removed by filtration. The amount 
is estimated from a colorimetric determination of phosphate. 

The phosphate now present in the solution of sodium and po- 
tassium must be removed before the bases are determined. The 
solution is acidified and an excess of ferric sulfate added. The 
phosphates and iron are precipitated by the addition of ammonia. 
The supernatant fluid is evaporated and ashed in the muffle. The 
resulting ash of sodium and potassium sulfates is dissolved andthe 
solution divided into two parts. 

One portion is used for the determination of the combined sul- 
fates by the benzidine method. 

From the other, potassium and sodium are converted to chloro- 
platinates. The sodium salt is dissolved in 80 per cent alcohol 
and the insoluble potassium chloroplatinate is filtered off. 

The alcohol is evaporated and the solution of sodium chloro- 
platinate is transferred to a weighed Jena glass filter containing 
KXolthoff’s reagent. The resulting precipitate of sodium uranium 
zine acetate is weighed. 

The potassium chloroplatinate remaining on the filter is dis- 
solved and determined as the iodoplatinate by titration with 
sodium thiosulfate. 

Ashing—2 ec. of serum or whole blood are measured into a 30 ce. 
porcelain evaporating dish. 2 ec. of 4 N sulfuric acid are added 
and the mixture is evaporated 1 or 2 hours on the steam bath. The 
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dish is then transferred to a cold muffle furnace and heated to 580— 
600°. This heat is maintained 3 hours or longer. In the case of 
serum the resulting ash is perfectly white. ‘The whole blood ash 
contains some red or black iron oxide. 

Solution of Ash. Seruwm-—To the ash is added 1 drop of 4 N 
sulfurie acid and 3 ec. of water. The acid is necessary to dissolve 
the bases which are combined with phosphate in the ash. 

Whole Blood—The whole blood ash contains all of the desired 
bases in the form of sulfates. The phosphate is completely bound 
to iron and the excess iron exists in the form of oxide. All these 
base sulfates are soluble in water, while the iron salts are insoluble. 
It is necessary to remove the iron salts before the calcium precipi- 
tation. ‘The ash is therefore transferred with five or six 2 ce. por- 
tions of water to a 25 ce. conical centrifuge tube. The insoluble 
salts are centrifuged down and the supernatant fluid is diluted to 
volume. Jena glass filters may be used for this step but the pre- 
cipitate must be washed completely free of the original solution. 
The volume is then reduced to 3 ce. by evaporation on a steam 
bath, and 1 drop of 4.N sulfurie acid is added. It is now ready for 
the calcium precipitation. 


Calcium Fraction 


Reagents—Sulfuric acid, 1.0 

Ammonium saturated solution. 

Dilute Ammonia Solution—-2 ce. of coneentrated ammonium 
hydroxide are diluted to 100 ce. with distilled water. 

Potassium permanganate, 0.01 \ made by dilution from 0.1 N and 
standardized the same day it is used. 

Sodium oxalate, 

Sodium oxalate, 0.01 freshly diluted from 

Brom-Cresol Green I[ndiator-—-0.4 gm. of dye and 57.2 ec. of 0.01 
N NaOH are diluted to 100 ce. with water. 

Procedure—-TVo the slightly acid solution, prepared as deseribed 
above, is added a drop of brom-cresol green indicator, followed by 
lL ec. of saturated ammonium oxalate. The solution may be ad- 
justed with dilute ammonia or sulfuric acid to pH 4.2 to 4.4.) The 
color at this point is greenish and must be neither yellow nor blue. 
It is necessary that this range be maintained, because if the solu- 
tion ix more acid, ealeium is not completely precipitated, while if it 
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is more alkaline, a part of the magnesium comes down as the 
:unmonium phosphate, if any phosphate is present, as is the ease in 
the serum solution. 

After it has stood not less than 1 hour and preferably longer, the 
calcium oxalate is filtered out on a Jena glass filter of 2 ec. capaeity. 
The filtrate, which contains Mg, K, and Na, is collected in a cen- 
trifuge tube calibrated at the 15 ec. mark. 

The precipitate is washed with four 0.5 ce. portions of dilute 
ummonia which are first run into the precipitating dish, then 
poured through the filter. ‘The receiving tube is then removed to 
avoid increasing the volume of the filtrate above 6 ec., after which 
the washing is continued with four 1 ee. portions of ammonia. 

Another 15 ec. tube is introduced into the receiving flask to 
collect the dissolved precipitate. Solution is obtained by washing 
first the dish and then the precipitate with three 0.5 cc. portions of 
hot N sulfurie acid. The filter is then washed with two 0.5 ce. 
portions of the same solution. ‘The solution is then titrated while 
hot with 0.01 N potassium permanganate which is delivered from 
2 2 ec. microburette with subdivisions of 0.01 to 0.005 ec. A blank 
determination carried through the entire procedure usually requires 
0.03 to 0.06 ec. of the permanganate. 

Calculation—10f(A —B)/V = milli-equivalents of Ca per liter. 
A indicates the number of ec. of permanganate used in titration of 
the sample, B, the number of ce. used in titrating the blank, while f 
is the normality factor of the permanganate solution. JV is the 
number of ec. of serum or blood represented in the portion of fil- 
trate analyzed. 


Magnesium Fraction 


Reagents—-Ammonium acid phosphate, NHgH.PO,, 2 per cent 
solution. 

Dilute Ammonia Solution—2 ec. of concentrated smmonium 
hydroxide are diluted to 100 ec. with distilled water. 

Stock Standard Phosphate Solutton—Purest IKWH.PO, is pulverized 
und dried in a desiccator to constant weight. 4.388 gm. are dis- 
solved and made up to 1 liter with water. Vhis solution should 
contain 1 mg. of P per ec. 2 ec. of chloroform may be added to 
prevent the formation of molds. This stock solution should be 
kept in the refrigerator. 
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Dilute Standard Phosphate Solution—5 cc. of the stock standard 
solution are diluted to 200 ce. with water. ‘The solution will con- 
tain 0.025 mg. of P per ce. 

Reagents Prescribed by Benedict and Theis (5) for Phosphate 
Determinations—M olybdate Reagent—To 20 gm. of molybdic acid 
anhydride (MoQs), strictly pure and free from ammonia, add 25 ee. 
of 5 N sodium hydroxide solution, and warm the mixture gently 
until the molybdic acid dissolves. Cool and dilute to 250 cce.; 
filter the reagent if necessary. 

Molybdate-Sulfuric Acid Reagent—A small quantity of the molyb- 
date reagent (enough for a few days use only) is diluted with an 
equal volume of concentrated sulfuric acid as it is needed. 

Hydroquinone-Sulfite Solutton—Dissolve 15 gm. of sodium bi- 
sulfite, NaHSOs, and 0.5 gm. of hydroquinone in water and dilute 
the mixture to 100 ce. Keep the solution stoppered to prevent 
oxidation by air. 

Procedure—The volume of filtrate from the calcium precipitation 
should not exceed 6ce. 1cc. of 2 percent ammonium acid phosphate 
and 1 ce. of strong ammonia water are now added. If no precipi- 
tate appears after 2 hours, the side of the tube is scratched with a 
glass stirring rod to accelerate precipitation from a possibly super- 
saturated solution. The tube is then allowed to stand overnight. 
The following day the precipitate, magnesium ammonium phos- 
phate, is removed on a Jena glass filter. The filtrate is collected 
for the subsequent determinations of sodium and potassium in a 25 
ee. conical volumetric tube. The precipitation tube and filter are 
washed with two 0.5 ec. and then three 1 ce. portions of dilute 
ammonia. 

The collection tube is then replaced by the original precipitation 
tube to receive the dissolved magnesium ammonium phosphate. 
To the filter are added 1 ce. of water and 1 cc. of molybdic acid 
reagent, followed by three or four 1 ce. portions of water. The 
tube is now removed, | ec. of hydroquinone-sulfite is added, a cotton 
stopper is inserted, and the tube is placed in a boiling water bath 
for 10 minutes. The color is then compared with a standard 
containing 0.050 or 0.075 mg. of P as required. 

Blank determinations carried through from the beginning of the 
procedure may appear to have a bluish tinge after this treatment. 
However, repeatedly, when to blanks an amount of the phosphate 
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solution identical with the standard has been added, there has 
been no increase in color due to this tinge and the colors have 
agreed exactly with the standard. If washing has been efficient 
there should be no blank to be considered in the calculation. 

Calculation—(645S R)/(U V) = milli-equivalents of Mg per 
liter. S indicates the number of mg. of phosphorus in the stand- 
ard used; FR, the reading of the standard. U indicates the reading 
of the unknown. V is the volume in cc. represented by the un- 
known solution. 


Removal of Phosphate and Conversion of Sodium and Potassium to 


Sulfates 


Reagents—Sulfuric acid, 4.N. 

Ferric sulfate, 12.9 gm., diluted to 1 liter with water. 

Ammonium Hydroxide—10 cc. of strong ammonia water ure 
diluted to 28 ce. 

Procedure—The filtrate from the magnesium determination is 
acidified with 4 N sulfuric acid. An excess of ferric sulfate is 
added; 2 ec. should be sufficient if 1 cc. of 2 per cent NH,H.PO, 
was used for the magnesium precipitation. After a delay of a 
few minutes ammonium hydroxide is added drop by drop, while 
the tube is shaken, until the blue color of the indicator appears, 
after which an additional drop is introduced. The iron phosphates 
and hydroxides are then centrifuged down. ‘The solution is then 
diluted to volume, mixed, and centrifuged again. 

The filtrate is divided into two portions and measured into por- 
celain dishes. ‘The solution, after evaporation on the steam bath, 
is ashed in the muffle at 580-600° for 3 hours. The resulting ash 
contains only sodium and potassium as sulfates. 

One portion is used for the determination of the combined 
sulfates by the benzidine method. The second portion is used to 
determine potassium and sodium. It is convenient to use a 10 ce. 
aliquot for combined sulfates and a 12.5 ec. aliquot for potassium 
and sodium. 


Determination of Combined Sulfates 


The aliquot for the determination of sulfates of potassium and 
sodium, equivalent to 0.8 cc. of serum or whole blood, is taken up 
in 5 cc. of water and transferred to a tube containing 2 cc. of 
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benzidine sulfate. The dish is washed with four 1 ee. portions of 
water. From this point the determination is made exactly as 
described under total base, by either the volumetric or the gravi- 
metric procedure. 


Potassium Fraction 


Reagents—Chloroplatinic Acid, Containing 10 Per Cent of Plati- 
num——26.5 gm. of chloroplatinie acid, H.PtCl,-6H:2O, are dissolved 
in 1 N hydrochloric acid and enough of the acid added to bring 
the volume to 100 ce. 

Absolute alcohol, aldehyde-free, refluxed and redistilled over 
KOH. 

SO per cent alcohol, by volume (approximately 75 per cent by 
weight), 80 ec. of the aldehyde-free absolute aleohol diluted to 97 
ec. with water. This solution is saturated with potassium chloro- 
platinate by shaking and allowing it to stand for 6 to 12 hours, at 
room temperature. The saturated solution will be good for several 
days if it is kept in a refrigerator when not in use. Decomposition 
of the salt is indicated by darkening of the solution or appearance 
of a precipitate of platinum black. It must be filtered before 
using. 

Potassium chloroplatinate, for alcohol] saturation. 

Potassium bitodate solution, 0.005 N. 

Sodium throsulfate solution, 0.1 NX, which has aged for a month. 

Sodium thiosulfate solution, 0.005 nN. Tf this solution has not 
been made on the day of use by dilution of the 0.1 N solution, it 
must be standardized against the 0.005 N potassium biiodate solu- 
tion. It has been found more practicable in this laboratory, to 
make the dilution on the day of use because the stronger solution 
retains its strength almost exactly over very long periods of time. 

Potassium vodide, 2. N. 

Separation of Potasstum from Sodium—TVhe second portion of 
Na and K sulfate ash (equivalent to 1 ec. of serum or whole blood), 
is taken up in 1 or 2 ce. of water and 0.3 ec. of chloroplatinie acid 
solution is added. Enough chloroplatinie acid must be used to 
convert both the sodium and the potassium to the chloroplatinate 
salts. 

The porcelain dish is placed on the steam bath and evaporated 
just to dryness. ‘This takes only a few minutes. Care must be 
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taken that no ammonia fumes come in contact with the solution, 
because ammonium chloroplatinate precipitates very readily and 
causes the potassium content to appear high. 

2 ec. of freshly filtered 80 per cent alcohol saturated with po- 
tassium chloroplatinate are now added to the dish. By agitation 
with a stirring rod most of the sodium chloroplatinate is dissolved. 
The solution is filtered through a Jena glass filter. Dish and filter 
are further washed with three or four 1 ec. portions of the alcohol 
or until the washings have almost no yellow color. Much of the 
potassium precipitate may remain in the dish; but as long as it 
has been well washed it is unnecessary to transfer it to the filter. 
At this point the precipitate should be bright yellow and contain 
no white flakes of sodium sulfate which would indicate that an 
insufficient amount of chloroplatinic acid had been used. ‘The 
filtrate is collected quantitatively. Between washings the porce- 
lain dish is covered with a watch-glass to prevent evaporation of 
the saturated alcohol. After filtration the aleohol must be com- 
pletely evaporated from both the funnel and the dish. 

Potassium Determination—The dish and filter are now washed 
with hot water. It is not difficult to tell when both are completely 
free from the yellow salt. 5 or 6 cc. of the hot water are usually 
sufficient. ‘The solution is collected in a tube suitable for titrating. 
3 ec. of 2 N potassium iodide are added and the solution is heated at 
65° for 15 minutes. After it has cooled it is titrated to a lemon- 
yellow color with 0.005 ~ thiosulfate which is delivered from‘a 2 
ec. microburette. 

A blank determination is carried through the whole procedure. 
The blank titration is usually zero, but if the aleohol is impure or 
washing is incomplete it will be significant for the calculation of 
the potassium content. 

Calculation—5(A — B)/V = milli-equivalents of Ix per liter. 
A and B represent cc. of 0.005 N thiosulfate used for the titration 
of the unknown solution and the blank respectively; Vis the num- 
ber of ec. of material which the sample represents. 


Sodium Fraction 


Reagents—K olthoff’s uranyl zine acetate reagent (6), freshly fil- 
tered. For Solution A 80 gm. of sodium-free uranium acetate, 
UOe(C2H302)2-2H2O, and 48 gm. or 46 ec. of 30 per cent (by vol- 
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ume) acetic acid are brought to a weight of 520 gm. with distilled 
water. Solution B is made by adding to 220 gm. of zine acetate, 
Zn(CoH302)2- 2He2O, 24 gm. or 23 ec. of 30 per cent acetic acid, and 
water to make 520 gm. 

Both solutions are covered with watch-glasses and warmed on 
the steam bath. They are mixed while still hot and allowed to 
stand 24 hours before using. If no yellow precipitate appears a 
little of the precipitated sodium uranyl zine acetate is added in 
order to saturate with this triple salt. The saturated solution 
should be shaken repeatedly before filtering. After filtering it 
must be kept at constant temperature to prevent desaturation or 
precipitation of the salt. 

Saturated Alcohol—95 per cent alcohol, saturated with the triple 
salt, sodium uranyl zine acetate. Saturation, by shaking the salt 
with the alcohol, must take place not longer than half an hour 
before using. Upon longer standing the aleohol becomes desatu- 
rated with the formation of a slimy yellow precipitate. 

Procedure—Before adding the solution of sodium chloroplatinate 
which remains from the potassium determination to the precipi- 
tating solution, the aleohol must be evaporated. Because plat i- 
num black precipitates at temperatures above 80°, heating is in- 
advisable. By employing the following procedure, it has been 
found possible to reduce the volume in the tube from 6 or 7 ec. to 
0.5 ee. in 10 or 15 minutes. 

The stopper containing the Jena glass filter is removed from 
the suction flask and is replaced by a 2-hole stopper. ‘Through 
one hole is inserted a glass tube which has an inside diameter of 
about 5mm. The lower end of this tube is placed about half an 
inch above the surface of the alcohol. ‘The second hole contains 
a much shorter tube, attached to a water suction or vacuum outlet. 
In this manner air is continually circulated directly over the surface 
of the aleohol under diminished pressure. Evaporation is greatly 
necelerated by partly filling the suction flask with water from the 
hot water tap (60-70°). When the volume has been decreased to 
0.5 ee. the tube is removed and 0.5 ee. of water is added. 

A well fitting rubber stopper is inserted beneath the filtering disk 
in the bottom of a 30 ec. Jena glass filter (1bG3). By means of a 
pipette 8 ee. of freshly filtered uranyl zine acetate solution are in- 
troduced into the crucible. The sodium chloroplatinate solution 
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is then added. ‘This transfer is made quantitatively with the 
aid of a stirring rod and several 3 ce. portions of the uranyl solu- 
tion. After it has been stirred to insure complete precipitation 
the stirring rod is withdrawn while a final portion of the precipitat- 
ing solution is being added. ‘The crucible is covered with a watch- 
glass and allowed to stand 30 minutes to complete the precipita- 
tion. 

The excess liquid is then removed by filtration and the precipi- 
tate is washed with three 5 ec. portions of the freshly filtered 95 
per cent alcohol. It is then washed with 3 ce. of ether and dried 
to constant weight in the desiccator. Desiceation is usually com- 
plete in half an hour. 

Calculation—-650 (A —B)/V = milli-equivalents of Na per liter. 
A and B represent the weight in gm. of the precipitate in unknown 
and blank analyses respectively. V is the ee. which the sample 
represents. The salt weighed is (UOQ2.)3;ZnNa(CH3;COO),-6H2O 
of which 1.495 per cent is sodium. 


Discussion of Determination of Base Fractions 


Calctum—Since calcium is determined in an ash, no question 
arises us to the interference of proteins or the desirability of remov- 
ing them. ‘The use of Jena glass filters insures complete washing 
without the danger of either losing precipitate or retaining oxalate, 
as do the methods which employ suction or decantation of the 
supernatant fluid after centrifugation. 

Careful adjustment of the pH is essential. With the volumes 
and concentrations described, calcium may be incompletely pre- 
cipitated if the pH is lower than 4 or much of the magnesium may 
eome down as the phosphate if the reaction is too alkaline. How- 
ever, if this precaution is observed, good checks are obtained and 
recovery of known solution is within 5 per cent. If washing has 
been adequate, the blank should not exceed 0.03 to 0.06 ee. of 0.01 
N permanganate. 

Magnesium—In order to bring down the magnesium ammonium 
phosphate completely, the volume must be kept below 6 cc. If the 
filtrate from the calcium determination, together with the first few 
washings, is greater, the volume may be decreased by evaporation 
on the steam bath. Precipitation of magnesium from a warm 
solution offers no advantage, although this procedure is often 
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advised. As a wash solution aleoholic ammonia did not prove 
superior to the water solution used. Agitation with a stirring | 
rod or scratching the side of the tube is very helpful in bringing 
down the precipitate. 

If, for determining phosphate, another method than that of Bene- 
dict and Theis is preferred, the magnesium ammonium phosphate 
may be dissolved in the acid reagent suitable for the particular 
method employed. 

The results of duplicates are remarkably close for a colorimetric 
technique and the blank is invariably zero. 


TABLE II 
Recovery of K from Theoretical Solution According to Method of Shohl and 
Bennelt 
recovered 
taken 
Unsaturated aleohol saturated aleohol 
2.29 1.99 2.22 
3:25 3.00 | 3.21 
3.50 2.65 3.46 
4.50 4.08 4.62 
6 OO 3.47 6.09 
7.00 6.28 6.88 
7.00 6.68 (i SS 
14.00 13.25 
17.50 17.30 
35.00 | 39.40 | 
70.00 70.20 | 


Potassitum—The method of Shohl and Bennett (7) was employed 
in analyzing solutions of known K content. While determinations 
could be made accurately on solutions of high concentration, low 
values were obtained with amounts of the order of 0.1 to 0.5 mg. 
This error was found to be due to the solubility of potassium chloro- 
platinate in the 5 ce. of aleohol with which it was mixed after 
precipitation. By using a solution of aleohol saturated with po- 
tassium chloroplatinate at this point as well as for washing the 
precipitate, excellent results were obtained with even small 
amounts of potassium. This small but consistent loss of potassium 
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ehloroplatinate affected low concentrations much more than 
higher ones (see Table II). 

In using this method it is advisable to add 1 or 2 cc. of water to 
the ash containing the potassium before adding the chloroplatinic 
acid. The solution is then evaporated just to dryness on a steam 
bath, taken up in 5 ee. of absolute alcohol saturated with potassium 
chloroplatinate, and allowed to stand 30 minutes before filtering. 

More recently this method has been further modified because of 
the need for determining sodium quantitatively in the same aliquot. 
The ash is dissolved in water and well mixed with enough chloro- 
platinie acid to convert all of the sodium, as well as all the potas- 
sium, to chloroplatinate. A solution of 80 per cent alcohol, alde- 
hyde-free, saturated with potassium chloroplatinate, is used to 
dissolve all of the sodium salt, but to keep insoluble all of the po- 
tassium salt. 97 per cent alcohol does not dissolve the sodium 
salt completely. It is inadvisable to saturate the alcohol more 
than 12 hours before use. On longer standing at room tempera- 
ture platinum black settles out, badly discoloring the solution and 
contaminating the aleohol with potassium. Although sodium sul- 
fate is practically insoluble in 80 per cent ethyl alcohol, after 
treatment with chloroplatinic acid made up in N hydrochloric acid 
solution the sodium behaves like the chloride rather than the sul- 
fate in its solubility. This is evident from the fact that it is 
possible to recover sodium quantitatively from the filtrate without 
further washing with another solvent. 

Washing with KCl is unnecessary, because in this particular pro- 
cedure no contaminating salts remain. ‘The use of the Jena filters 
to replace the asbestos filters used by Shohl and Bennett makes 
possible the titration of the solution without the presence of the 
asbestos. This makes the end-point somewhat more distinct. 

Sodtum—The uranyl zine acetate method of Barber and Kol- 
thoff (6) has been considered one of the most accurate and reliable 
procedures in use in the laboratory. However, during these 
studies it has been found that even though the results of duplicates 
have agreed very closely, the resulting values varied sometimes by 
several milli-equivalents from the actual sodium content, if the 
temperature changed after the saturated solutions had been fil- 
tered, or during the course of precipitation. A location in the 
laboratory should be carefully chosen for sodium determinations. A 
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northern exposure, sheltered from window drafts and steam pipes 
is desirable, if these occasional high or low values due to tempera- 
ture changes are to be avoided. A determination on a solution 
containing a known amount of sodium made with each study in- 
sures against these errors. ‘The suggestion made by Butler and 
Tuthill (8) for precipitating in the Jena crucible adds to its con- 
venience and accuracy. Difficulty in keeping the alcohol wash 
solution saturated has been encountered in this laboratory. It was 
found by Dr. L. M. D’Esopo that upon long standing the alcoho! 


TABLE III 
Effect of Presence of K on Recovery of Na When They Occur in the Appro.ci- 
mate Proportions in Which They Oceur in W hole Blood 


of NaCl, 74.0 m.-eq., + KCI, 58.8 
m.-eq. 
Na recovered 


NaCl solution, 74.0 m.-eq. 
Na recovered 


| per cent per cent 

78.2 | 99.0 76.2 96.4 

78.6 | 99.6 | 74.2 94.0 

78.8 | 99.7 | 75.0 95.0 

80.4 | 101.6 | 77.2 | 97.7 
TABLE IV 


Effect of Varying Ratio of K lo Nat in Recovery of Na 


NaesO, taken | added | Ratio K: Na. Na recovered 
.-€q. | me per cent 
115.2 Q.51 115.2 100 
115.2 117.6 | 1 O02 113.0 US 4 
119 3 103.7 


became desaturated. Since then the solution has been saturated 
not longer than 3 hour before using. 

Barber and lxolthoff (6) have discussed the error introduced into 
sodium determinations if potassium is present in considerable 
amounts. Their results show slightly low sodium recoveries under 
some conditions, high results under others. In the course of the 
present study determinations were made to observe the effect of 
the potassium present in the amounts and proportions that occur 
in whole blood. The results given in Tables III and LV show quite 
conclusively that potassium interferes when the ratio of potassium 
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to sodium approaches | or is greater than 1, in solutions approxi- 
mating in strength whole blood. 

The alcoholic solution of sodium chloroplatinate filtered off from 
the potassium fraction contains quantitatively all of the sodium in 
the ash. Except for the necessity of evaporating the alcohol, it is 
quite as convenient to add this to the uranyl solution instead of 
dissolving the ash in water and transferring it directly, thus avoid- 
ing the possibility of interference by potassium. In analysis of 
serum for sodium when potassium also is being determined, by 
using this procedure both may be measured in a single filtrate 
with no loss of accuracy. 


TABLE V 
Effect of Error of Method on Values of Individual Fractions and Their Sum 


Approximate | Maximum error 
concentration 
Error of | 

serum blood blood 

5.0 | 50.0 |. £2 | | 1.00 


Errors of Fraction Methods—The table of errors of each method 
(see Table V) shows that even if all the errors were in the same 
direction, which is very unlikely, the sum of the fractions would 
not be more than 2 milli-equivalents from the actual total base. 
The sum of the fractions is quite as accurate a measure as is the 
determination of total base, which cannot be recovered with greater 
accuracy than +2 milli-equivalents unless the gravimetric method 
is used. 

Use and Care of Jena Fritted Glassware—-Some difficulty has been 
encountered in arranging the tubes of various sizes and shapes 
used in these procedures in the suction flasks, so that they are 
directly under the outlets of the funnels without danger that the 
tubes may tip or slide or that some of the liquid may spatter when 
the suction is applied. A very simple holder has been devised to 
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overcome these difficulties. Spiral coils of copper wire, approxi- 
mately 1 em. in diameter, are wound to fit each type of tube. 
Directly below the tube the wire is wound more tightly and then 
gradually widened out to form a spring-like base. By this means 
the tubes may be kept in the center of the flask and the spring-like 
pressure of the wire keeps the top of the tube in contact with the 
stopper of the suction flask without being so tight as to interfere 
with the suction applied. If the upper end of the wire is left long 
enough to bend over the tube, it serves as a convenient handle to 
introduce the tube and to remove it from the flask. 

The use of filters of fritted Jena glass as a substitute for filter 
paper is advantageous in many analytical procedures. In this 
laboratory filters of different sizes and porosities which are used 
for the methods described have been found to require different 
types of care and treatment. 

In each lot of filter tubes of 2 ee. capacity (No. 12G4) purchased, 
there has been great variation in the efficiency of the individual 
filters. ‘Those which delivered 2 ec. of water in 1 or 2 minutes 
have been retained. ‘Those that were slower have been discarded. 
The ordinary sulfuric acid-bichromate cleaning solution seems to 
be ineffective in cleaning these small filters. After use they should 
be filled with aqua regia and allowed to stand in a hood until next 
needed. Aqua regia followed by much water is then drawn 
through in the reverse direction. If they are so treated after 
filtration, the original efficiency is retained. 

The 30 ec. capacity filter crucibles (No. 1bG3) which are used 
for sodium determinations continue to lose weight if they are 
treated with cleaning solution after each determination. Wash- 
ing with much hot water, followed by distilled water, and alcohol 
and ether before desiccation, has been found a rapid and effective 
method of cleaning the filters and maintaining a more nearly 
constant weight. 

The 15 ec. capacity crucibles (No. 10G3) used for the gravimetric 
determinations of total base are washed with hot water and a brush 
which is kept for that purpose. ‘Through continued use with 
benzidine solution the filter plates acquire stains which can be 
removed by cleaning solution. However, this causes a loss of 
weight which appears rather large, when the microchemical bal- 
ance is used. 
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Studies on Normal Serum 


By these methods for recovery of total base and base fractions 
the electrolytes of the serum of ten normal subjects were deter- 
mined. The blood was drawn in the morning before breakfast. 
It was collected under oil without stasis, and was centrifuged 
without contact with air. The serum was then promptly drawn 
off from the cells into a sampling bulb and well mixed. 

The methods used for analysis of the acid fractions were the 
following: earbon dioxide, Van Slyke and Neill (9); chloride, 
modification of Patterson’s micromodification of the open Carius 
method described by Peters and Van Slyke ((3) p. 838); phosphorus, 
Benedict and Theis (5); total serum proteins, macro-Ijeldahl 
procedure; protein fractions, Howe’s macro-Kjeldahl method (10). 

Determinations on theoretical solution were made simultane- 
ously with each sodium and potassium analysis. 

The results of these determinations are presented in Table VI. 
The average normal total base figure is somewhat lower than that 
previously reported from this laboratory (11). The average total 
base, as well as the average of the individual fractions, agrees very 
well with that found by Sunderman (12), although the range 
covered by the present series is somewhat wider. 

The agreement between the values found for total base and the 
sum of the fractions is quite satisfactory, except in the case of J. B. 
where the difference is 3 milli-equivalents. 

It will be noted that in some instances the sum of the determined 
acids exceeds the total base by an amount which is too great to 
be accounted for by the combined errors of the methods employed. 
The greatest discrepancies of this kind appear in the sera of H. and 
Ii. M. Three studies were made at different times on the serum 
of H. The results of these three studies on a single individual are 
quite consistent. The variation in total base is almost exactly 
paralleled in the sodium values, all of the other electrolytes remain 
quite constant. In the last study the total base was determined 
gravimetrically. 

These findings appear to be inconsistent with the accepted 
theories concerning the acid-base balance of blood serum. It has 
been assumed that in a solution as nearly neutral as blood serum 
all the acids must be combined with base and that all the base con- 
sists of the four elements, Na, Kk, Ca, and Mg. In view of the 
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careful examination to which the present methods have been sub- 
jected and the excellent agreement between the values for base 
and the sum of the individual bases, the author is convinced 
that the data are subject to less error than any hitherto published 
from this department. Attention has elsewhere (13) been called 
to the fact that excesses of acid over base have occasionally been 
encountered. They can also be found in reports of Atchley and 
Benedict (14) and of Sunderman (12). As they appeared especi- 
tly in instances in which total base values were low, it was sus- 
pected that they might be referable to unaccountable sporadic 
errors in the total base analyses. With refinements of the tech- 
nique for determination of total base, however, the frequency of 
negative base minus acid differences, instead of diminishing, has 
incrensed, There can be little doubt, therefore, that these differ- 
ences are real. In the absence of any reasonable evidence that 
there are appreciable amounts of organic bases in serum, the source 
of the diserepaney must be sought on the acid side of the balance. 
‘The accuracy of the methods employed for the estimation of bicar- 
bonate and chloride is too well established to be seriously ques- 
tioned. Although the phosphate method is less satisfactory, the 
quantity of inorganic phosphate in serum is so small that even 
large analytical errors would cause no significant errors in the eal- 
culation of the acid-base balance. The nitrogen measurements 
themselves are highly accurate. ‘The factors by which the base- 
combining powers of protein are calculated from nitrogen, based 
on estimations of Van Slyke, Hastings, Hiller, and Sendroy (15), 
may be too large. To account for the base minus acid differences 
observed in the first two and the fourth observations in Table V1, 
it would have to be assumed that the base combined with protein 
wus only half as great as the formula of Van Slyke, Hastings, 
Hiller, and Sendroy would indicate. It is hardly probable that 
their estimations were so greatly in error. It seems likely that 
the quantity of organic acid in normal blood serum is smaller than 
previous estimations would indicate, but it is almost inconceivable 
that there should be none. ‘There also remains the possibility that 
a fraction of the chloride or bicarbonate is not combined with base 
in the form of neutral salts, BHCO; and BCl. Before this explana- 
tion can be seriously accepted, however, more positive evidence 
of the presence of such combinations must be secured. Meanwhile, 
whatever may be the explanation of the anomalous balances here 
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reported, it is believed that the data deseribe accurately the eon- 
centrations in normal serum of the substances which have been 
measured. 

SUMMARY 


A method is presented for the determination in duplicate of 
total base and its fractions, calcium, magnesium, sodium, and 
potassium, in 6 ec. of serum or whole blood. 

Material for total base is dry ashed. Iron which is present 
during the ashing combines with the phosphate, leaving all of the 
blood bases in the form of sulfates. ‘These are determined by the 
benzidine method, with either a volumetric or gravimetric tech- 
nique. The latter is much more accurate and more economical 
of material. 

Calcium, magnesium, potassium, sodium, and the combined 
sulfates of potassium and sodium are determined successively from 
a single dry ash representing 2 ec. of blood or serum. The sum of 
the four fractions is accurate to within 2 per cent. 

Serum of ten normal individuals was analyzed for both acid and 
base fractions. ‘The average total base is somewhat lower than 
that previously reported from this laboratory. In several in- 
stances the sum of the acid fractions exceeded the total base. 
Because of the completeness of the investigations and the controls 
it seems evident that this discrepancy is not due to analytical errors 
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Several years ago it was reported by Whipple, Hooper, and Rob- 
scheit (4) that more new red cells and hemoglobin would be re- 
venerated during a fasting period than during a sugar feeding 
period in short anemia experiments on dogs. ‘This suggested a 
sparing action of the carbohydrate with a very pretty conservation 
of materials suitable for red cell and hemoglobin construction, as 
obviously new hemoglobin was produced during diet periods con- 
taining no nitrogen intake. 

About this time Davis, Hall, and Whipple (1) reported that the 
liver necrosis caused by chloroform would be followed by little 
evidence of liver repair during fasting periods but by ample evi- 
dence of almost complete liver repair during sugar feeding periods. 
With no nitrogen intake the body could produce much new liver 
cell protein dependent upon sugar feeding. This was believed to 
be evidence of conservation of body protein waste products due to 
the sugar intake—a reconstruction of complex liver cell protein 
from split-products coming from body protein. The term ‘‘body 
protein’? as used here would include all proteins in the body— 
plasma, tissue, muscle, hemoglobin, and organ proteins. 

More recently Whipple and Robscheit-Robbins (unpublished 
material) have observed that during prolonged anemia periods due 
to blood Joss in dogs the animal can produce a considerable sur- 
plus of red cells and hemoglobin during fasting or sugar diet periods 
and that sugar and iron administered by mouth will raise this 
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hemoglobin production to very high levels. With zero nitrogen 
intake the anemic dog may be able to form more than 100 gm. of 
new hemoglobin during 2 weeks on an intake of sugar (75 gm.) 
and iron (400 mg.) daily. Obviously the new hemoglobin must 
come from material derived from the animal’s body protein and 
one can imagine that the sugar and iron enable the body to con- 
serve nitrogenous waste products for new hemoglobin fabrication 
or that body protein catabolism is accelerated under these con- 
ditions. Both mechanisms may come into play. 

Whatever the true and complete explanation may be, this fleet- 
ing glimpse of the internal metabolism of hemoglobin and other 
body proteins stimulates one’s imagination and does not point to a 
simple standard fixed reaction but rather to intriguing possibili- 
ties of exchange between various body proteins and hemoglobin or 
other proteins according to the physiological needs of the moment. 


EXPERIMENTAL 


The anemic dogs used in these metabolism experiments were 
taken from the anemia colony in this laboratory. Their history 
is complete from birth and the care of these dogs has been fully 
deseribed (5). Conditions are as uniform as possible and the 
anemia level is maintained between 40 and 50 per cent hemoglobin, 
the normal being 140 to 150 per cent hemoglobin, where LOO per 
cent hemoglobin is equivalent to 13.8 em. of hemoglobin per 100 
ee. ‘The standard salmon-bread made in the laboratory is a com- 
plete diet on which dogs live indefinitely in perfect health and its 
make-up has been described (5). The newly formed cells and 
hemoglobin are removed to maintain the anemia level a constant. 
The total hemoglobin production due to any given diet is readily 
ealeulated from Tables I-A, II-A, and III-A. During the anemia 
periods on salmon-bread diet the dogs produce about 2 to 5 gm. of 
new hemoglobin per week. In our large colony the average value is 
closer to 2 gm. We deduct this 2 gm. from each week’s hemo- 
globin output. ‘The hemoglobin level at the end of the fore period 
or Jast bread control week is compared with the hemoglobin level 
at the end of the 3 week after period. We correct for this differ- 
ence in hemoglobin levels (6). The anemia data are given in 
Tables I-A, IT-A, and III-A. 

All dogs used in these metabolism experiments were active and 
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healthy whether anemic or normal hemoglobin controls. These 
periods of fasting or sugar feeding with or without iron are well 
tolerated and the dogs were in good condition at the end of the 
experiment (with the possible exception of Dog 29-326, experimen- 
tal history, ‘Table I). When the salmon-bread diet was resumed 
they came back to their normal weight promptly. he dog dur- 
ing any given experiment was kept in a galvanized iron metabolism 
cage in the laboratory where the animal was under constant super- 
vision. 

The dogs fasted as a rule 3 days to lower the nitrogen excretion 
approximately to the fasting level. Each period, as shown in 
Tables I to IV, whether 2, 5, or 7 days, was terminated by eathe- 
terization and rinsing of the bladder. ‘The urine was collected 
several times daily us it was passed, and was preserved by toluene 
and refrigeration. Urine analyses were made daily or every other 
day for the following constituents: total nitrogen by macro- 
Kjeldahl, ammonia by aeration, urea by the urease method with 
aeration, creatinine and creatine by the methods of Folin (2), 
and uric acid by the method of Morris and Macleod (3). 

After the preliminary 3 days fast the dog was given daily ap- 
proximately 75 gm. of glucose or glucose and sucrose in 250 to 400 
ec. of water by stomach tube. At the end of the Ist week of 
earbohydrate feeding, ferric citrate sufficient in amount to con- 
tain 400 mg. of Fe was added to the sugar and given by stomach 
tube. The dog had access to water at all times. 

The last day of fasting and 6 days of sugar feeding comprise the 
lst week. In cases where the periods were less than | week, 
the actual figures are not given, the excretion per week being caleu- 
lated and tabulated instead. ‘The figures for ammonia and urea 
are combined and considered together. [lor our purpose, the 
ratio between the two is of little importance and in the occasional 
cases of contamination of the urine by feces, the conversion of urea 
to ammonia was too rapid, despite the toluene, to permit the ac- 
curate determination of this ratio. 
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TABLE I 


Hemoglobin Construction and Decrease in Urinary Nitrogen Due to Anemia 
and fr rom Feed ing 


| Creati Unde- 

| “e | Total N U N | Ure N | Cre: Cre iC | nine ‘N+ ter 
| i » | N | tin cid N i 

Non- -anemic Dog 29-826 

7 0 19,250; 15,990; 83.0 1140 150 7.0 70 | 1860 

7 2.8 | 13,630) 10,710) 738.6 1020 0) 7.8 50 | 1850 

7 2.8 | 12,140) 9,840; 81.0 S70 () 7.2 40 | 1390 

2 0) 13,120) 10,750) 81.9 920) () 7.0 50 | 1410 

Anemic Dog 29-326 

7 0 | 25,550! 21,920) 93.5! 1150! 460! 63 | 150 | 2480 

7 2.8 | 13,830) 10,450/ 75.5 970 50} 7.3 | 120 | 2250 

5 2.8 | 420) 8,180) 71.6 770 360 9.9 70 | 2040 

2 Q 11,550; 8,230) 71.2 770 360 | 9.8 70 | 2120 


Total hemoglobin production 112 gm., equivalent to 19.0 gm. of nitrogen 


in anemic period. 


Experimental Histories during Metabolism Study Periods (Tables I 
and I-A) 


Dog 29-326, male coach mongrel, adult. 

Non-Anemic State—3 days fasting. Diet: Ist week—300 gm. glucose, 
150 gm. cane-sugar; 2nd week—350 gm. glucose, 175 gm. cane-sugar, 2.8 
gm. I’e in form of ferric citrate; 3rd week-——225 gm. glucose, 175 gm. cane- 
sugar, 2.8 gm. Fe; 4th period (2 days)—50 gm. glucose, 50 gm. cane-sugar; 
15 gm. kaolin daily. Dog in good condition at end of experiment. 

Anemic State—3 days fasting. Diet: Ist week—325 gm. glucose, 125 
gm. cane-sugar; 2nd week—350 gm. glucose, 175 gm. cane-sugar, 2.8 gm. le 
in form of ferric citrate; 3rd period (5 days)—250 gm. glucose, 125 gm. 
cane-sugar, 2.0 gm. Fe; 4th period (2 days)-—-125 gm. glucose, 25 gm. cane- 
sugar; 15 gm. kaolin daily. Dog in somewhat weakened but not serious 
clinical condition at end of experiment. Recovery prompt and complete. 


} 
( 
| 
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TABLE I-A 
Hemoglobin Production in Anemia Due to Iron and Sugar Feeding 
Dog 29-326, coach mongrel, male, adult. 
Plas- R.b.c. | Blood) Hb re- 
Diet ds, 1 wk. each , Color, Hb > 
“Food, gm. per | We | me | R-be.|index| index | heme | | 
Non-anemic state 
kg. | ce. | mil. | | gm. 
Kennel diet, before. ......... 100 549) 7.9 | 0.96) 2.67 56.5 | 151 | — 
“end of metab. 100 {11.9) 441; — | — | 2.66 | 54.8) 145) — 
whe. tater... ... 100 |15.2) 705) 7.6 0.93) 2.66 53.4 | 142) — 
Anemic state 
Br. 180, sal. 150, 50.......| 74 |14.0; 800) 4.9 0.50, 2.04 18.6] 38) 9.4 
Glucose 50, c.-sug. 25......... 12.2/ 6.0 0.50) 2.19 27.5} 60] 1.8 
Fe 0.4, glucose 50, ¢.-sug. 25. 11.2} 6.6 0.58/ 2.31 37.9| 87 | 26.1 
* 0.4, 50, 25.. 9.9) 440; 6.8 0.62) 2.27 37.1 84 2.3 
Br. 150, sal. 125, Kl. 40*......} 100 |11.4) 608; 6.6 0.70) 2.50 28.2) 71 | 46.7 
“ 275, “ 125, “ 50*......| 100 |12.4) 679) 5.4 0.60) 2.36 | 20.2; 48 | 22.6 
“ 200, “ 125, 5O*......| 100 770) 4.5 | 2.4 | 20.2; 11.0 
395 “ 195 “ 50*...... 100 /13.6| 847} 3.6 0.57/ 2.29.17.9| 41} 9.1 
100 |13.8) 846) 4.4 0.51) 2.19 20.6; 45, 1.4 
The abbreviations in the diet column represent the following: br. = bread, sal. 
= salmon, Kl. = Klim, and ¢c.-sug. = cane-sugar. The hemoglobin index = Hb, 
per cent/red cell hematocrit, per cent. 


* Cod liver oil, 15 ce. daily. 


Tables I and I-A present data concerning Dog 29-326 during 
heavy iron feeding periods both preceded and followed by sugar 
feeding. ‘The animal, which had no previous history of anemia, 
was subjected to the first metabolism experiment while in the 
non-anemic state with a hemoglobin value of 151 per cent. After 
the conclusion of this experiment, the dog regained weight rapidly 
on a diet of table scraps. The dog, during a 2 month period, was 
bled to reduce its hemoglobin level and exhaust its potential hemo- 
globin reserves. ‘The removal of 287 gm. of hemoglobin was re- 
quired for these purposes. When a fairly stable base-line level 
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of hemoglobin had been reached, the second metabolisin experi- 
ment was begun and the animal was studied during a period of 
hemoglobin regeneration. Because of marked plasma volume 
concentration only very moderate amounts of blood were removed 
during the metabolism period but a rapid construction of hemo- 
vlobin is apparent when one observes the high hemoglobin level 
during and following the iron feeding period. ‘This animal had a 
tendency to vomit after being fed by stomach tube. This tend- 
ency was aggravated near the close of this metabolism period. As 
a result it became rather weak necessitating intravenous adminis- 
tration of glucose. During the subsequent 4 weeks of salmon- 
bread feeding, the plasma volume again attained the prefasting 
level and the dog regained most of the weight lost. During this 
period the hemoglobin level was reduced to approximately the 
original value. Adjusting for the slight difference in hemoglobin 
levels at the beginning and end of the experiment, one may com- 
pute 112 gm. as the amount of hemoglobin regenerated due to the 
sugar and iron feeding. 

The contrast in the total urinary nitrogen excretion during the 
two experiments is very striking. ‘This is particularly true of the 
urea and ammonia fraction. ‘The output of these constituents 
decreased very much more during the anemia experiment than 
during the control experiment. ‘The figures for the 3rd weeks of 
the metabolism periods are 38 and 62 per cent, respectively, of the 
values for the Ist weeks. 

The amount of hemoglobin produced is more than sufficient to 
account for the nitrogen which does not appear in the urine. <A 
simple calculation will serve to clarify this point. In the first ex- 
periment the amount of urinary nitrogen elimination, during the 
2 weeks of iron feeding, was 1.54 times the amount during the 
preliminary week of sugar feeding. In the next experiment, then, 
we might expect 1.34 X 25.5 gm. = 34.2 gm. of nitrogen to appear 
during the combined 2nd and 3rd weeks. Instead, only 25.55 gm. 
appeared, a difference of 8.9 gm. from the expected amount. 
The nitrogen of the excess hemoglobin produced was 19.0 gm., 
more than double the amount calculated as missing from the urine. 

It will be noted that in the preliminary sugar periods, before the 
picture was complicated by the addition of iron salt to the diet, the 
dog showed greater nitrogen elimination when anemic; 25.5 gm. 
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during the 7 day period in contrast to 19.8 gm. when non-anemic, 
or an increase of approximately 32 per cent. It is also of interest 
that the excretion of creatine and of urie acid during anemia is 
disproportionately high. 
TABLE II 
Hemoglobin Construction and Decrease in Urinary Nitrogen Due to Anemia 
and Tron Feeding 


Davs Creati- | 
on : | Total N | U N | | nine N U | 
‘xperi- intake | r | nine creatine | aci¢ mine 
| Ni -N | | | N | N 
Non-anemic Dog 31- 186 
| | per | mg. per | per ma. aig 
7 Q | 24,460! 19,440] 79.4!) 1520) 410; 7.9 | 130 | 2970 
7 2.4 | 19,850) 15,390] 77.5) 1440| 8.8 | 90 | 2620 
7 2.8 | 19,680) 15,440) 78.4 | 1530 130; 8.5 80 | 2490 
Anemic oe 24- 45 ) 
30,820, 25,380 82. 1740 | 670 | 7.8 | 200 | 283) 
7 2.8 | 18,810; 13,240; 70.3) 1580) 690) 12.1 | 160 | 3140 
7 | 2.8 | 15,990: 10,960; 685; 1270 1070; 14.6 90} 2600 
4 {| | 18,120) 12,300' 67.8; 1110, 1660; 15.3 50} 3000 
| | 440 75.4 1250; 640; 8.1 | 3780 


— 


icanatisliiie mrediae sien 152 gm., equivalent to 25.8 gm. of nitrogen in 
anemic period, S* = salmon-bread diet 1250 gm., equivalent to 58 mg. of 
Ie (per 3 days). 


Experimental Histories during Metabolism Study Periods (latles TI 


and II-A) 


Non-Anemic Dog—Dog 31-186, female German police mongrel, adult. 
1 day fasting. Diet: Ist week—900 gm. cane-sugar; 2nd week—50 gm. 
glucose, 1000 gm. cane-sugar, 2.4 gm. Fe in form of ferric citrate; 3rd week 
—350 gm. glucose, 700 gm. cane-sugar, 2.8 gm. Fe; 5 to 20 gm. kaolin daily. 
Urine contaminated with feces on several occasions. Dog in good con- 
dition at end of experiment. 

Anemic Dog—Dog 24-45, female bull mongrel, adult. Anemic 7} years. 
2 days fasting. Diet: lst week —275 gm. glucose, 300 gm. cane-sugar; 2nd 
week—250 gm. glucose, 275 gm. cane-sugar, 2.8 gm. Ie in form of ferric 
citrate; 3rd week—350 gm. glucose, 175 gm. cane-sugar, 2.8 gm. Fe; 4th 
period (4 days)—209 gm. glucose, 100 gm. cane-sugar; 5th period (3 days)— 
1250 gm. salmon-bread; 15 to 20 gm. kaolin daily during first four periods. 
Urine contaminated frequently with feces. Dog in good condition at end 
of experiment. 


502 Hb Formation and Protein Catabolism 


TABLE I-A 
Hemoglobin Construction in Anemia Due to Tron and Sugar Feeding 


Dog 24-45, bull mongrel, female, adult. 


| | Food R.b.c. | Blood | Hb re- 
[Diet periods, 1 wk. eacl , Col Hb 

“Food, em. perday | mp | R-be. index | index bema-| Hb, | moved, 

kg ce, mil gm 
Br. 475, sal. 100, KI. 40.......; 100 |22.4/1470) —- — 2.19 20.5] 45] 1.2 
Glucose 50, ¢.-sug. 50......... 21.5)1160; 6.4 0.56) 2.42 29.7! 72) 2.0 
Fe 0.4, glucose 35, ¢.-sug. 40.. 19.1)1006 7.6 0.49 2.27) 38.0 | 86 | 52.3 
17.9} 7.7 0.56) 2.50 30.5! 76 | 67.6 
Glucose 50, ¢.-sug. 25......... 16.6) 897° 6.0 0.63) 2.19 20.7 | 45 | 43.3 
Br. 375, sal. 150, K1. 50.......; 100 17.9)1194) 3.8 0.43) 2.04 16.0) 33! 0.9 
19.5 1197 3.9 0.59 2.40 19.1 46 1.3 
20.5 1259 38.9 0.54 2.31 18.1 42 1.2 

Br. 400, sal. 100, KI. 100 |22.411397) 3.6 0.51] 2.16 17.3! 37]! 1.0 
21.1)1173) 5.5 0.58) 2.38 25.5] 61 | 31.3 
Fe 0.032, intrav., fasting...... 18.9, 934) 5.6 0.54) 2.68 29.6} 79 | 30.1 
17.5, 946, 5.8 0.68) 2.388 24.8 59 | 55.6 
Br. 350, sal. 100, KI. 40.......| 100 |17.7,1054, 3.5 0.54) 2.14 17.5 38 1.9 
“ 450, “ 100, “ 40.......{ 100 {19.0/1135) 3.8 0.61) 2.46 18.6 46 1.3 
L076 9.9 0.61) 2.46 18.3 45 | 40.5 
20.3 1290, 3.6 0.63) 2.50 18.0 45 1.2 

The abbreviations in the diet column represent the following: br. = bread, 
sal. = salmon, Kl. = Klim, and ¢.-sug. = cane-sugar. The hemoglobin index = 


Hb, per cent/red cell hematocrit, per cent. 


Table IIL offers further comparison of the results of metabolism 
experiments with heavy iron feeding in the non-anemie and the an- 
emic dog. In this instance two different animals were employed. 
Dog 31-186 had no history of anemia. Its hemoglobin level was 
149 per cent at the beginning of the experiment. The blood pic- 
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ture was not studied further. Dog 24-45, more than 9 years old, 
had been continuously anemic for 73 years. Each dog remained 
in excellent clinical condition throughout the experiment but each 
had sufficient diarrhea to cause rather frequent contamination of 
the urine with feces. The anemic dog produced 152 gm. of hemo- 
globin over and above its maintenance requirements, due to the 
iron and sugar feeding. ‘The second experiment in Table II-A 
indicates the hemoglobin production (156 gm.) following intrave- 
nous iron administration during a fasting period. The metabolism 
data for this second experiment are given in Table IV. The hemo- 
globin production in the two experiments shows similar figures 
and demonstrates the animal’s response to large iron intake. This 
dog (Dog 24-45) is unusually active in regenerating hemoglobin 
on the standard diets. Regeneration of hemoglobin per 2 weeks 
has reached as high as 170 gm. on a diet of pig liver, 300 gm. per 
day. This individual peculiarity is relatively constant and usually 
obtains during all or the greater part of the dog’s life history. 

There is the same contrast in nitrogen excretion of these two 
dogs as was shown by the data in Table I. The output of total 
nitrogen decreased much more rapidly for the anemic than for the 
non-anemic animal. This difference lies chiefly in the urea and 
ammonia fraction. The anemic dog is the smaller of the two. 
It showed, nevertheless, during the Ist week of the experiment of 
sugar feeding, a total nitrogen excretion which was higher by 
approximately 26 per cent than that of the non-anemie animal 
during the comparable period. The output of creatine and 
uric acid by the anemic dog was proportionately larger. Fol- 
lowing the removal of the iron salt from the diet of the anemie dog 
it is significant that the nztrogen excretion increased to approxi- 
mately the level of the 2nd week of the experiment. 

It is noticeable that some of the figures for the later weeks of 
this experiment are higher than those of the Ist week; this is 
true of the undetermined nitrogen of both the 2nd and 4th weeks. 
Furthermore the very high value for creatine in the fourth period 
raises the combined creatine and creatinine figure to a level above 
that of the Ist week. No such findings have been obtained in the 
case of any of the non-anemic dogs. 

During the last period recorded in Table II, the animal was given 
1250 gm. of salmon-bread, which contained approximately 18.9 
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gm. of nitrogen. The amount of nitrogen excreted in the urine 
was only 9.92 gm. or slightly more than one-half of that ingested. 
The amount of creatine excreted is equivalent to 640 mg. of 
nitrogen per week in contrast to 1660 mg. per week in the final 
sugar feeding period. 


TABLE III 


Urinary Nitrogen Decrease and Hemoglobin Oulpul in the Anemic Dog As 
In flue need hy Sugar or Sugar Plus Tron by Mouth 


on Urea N | Urea N Creati- Cre -atine| nine N + Urie ter- 
experi- intake | | NH.-N | nine N N creatine acid No mined 


Anemic Dog 9 


ma. mg. per 
wh. 


| 
0 | 28,420! 23,350; 82.2) 1410) 580| 7.0 | 3040 
| 18,760) 14,470! 77.1) 1160 370) 8.2 | 30. | 2730 
18,240) 14, 010, 76.8 | 1040 460} 8.2 | 20 | 2710 


| ma. Ber per cent | ma. per | per cent 


Wh, wh. 


| 


Anemic Doe 24- 5Y 


27,970 22,220 79.5} 1500) 630| 7.7 | 50 | 3560 

| 2.8 | 17,770, 12 920) 72.7 1260 510 | 10.0 50 | 3030 

| 2.8 | 13,190 8,610, 1020 680. | 12.9 30 2850 
20 


| 0 17,740) 12, 2, 220) 68.9, 960 | 1170 | 12.0 3370 


tion w ith sugar feeding 36 gm., 6. 1 gm. 
of nitrogen. Hemoglobin production with Fe feeding 128 gm., equivalent to 
21.8 gm. of nitrogen. 


Sxperimental Histories during Metabolism Study Periods (Tables Ill and 
III-A) 


Dog 24-59, male bull mongrel, adult. Anemic 6 years. 

Sugar Control—3 days fasting. 50 gm. glucose, 25 gm. cane-sugar, 15 
gm. kaolin daily thereafter. Dog in good condition at end of experiment. 

fron Feeding—2 days fasting. Diet: Ist week—300 gm. glucose, 150 
ym. cane-sugar; 2nd week—350 gm. glucose, 175 gm. cane-sugar, 2.8 gm. 
le in form of ferric citrate; 3rd week—-350 gm. glucose, 175 gm. cane-sugar, 
2.8 gm. Fe; 4th period (2 days)—1C0 gm. glucose, 50 gm. cane-sugar; 15 gm. 
kaolin daily. Dog in good condition at end of experiment. 


| 
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TABLE LI-A 
Hemoglobin Construction in Anemia Due lo tron and Sugar Feeding 
_ Dog 24-59, bull mongrel, male, adult. 


Diet iods, wk. each Color, Hb 
“Pood, per day: | | index | revel | "led 
| | | mat | | om 
Br. 475, sal. 100, Kl. 40..... 100 18.11115 5.3 0.47) 2.18 22.9) 50} 1.4 
Glucose 50, c.-sug. 25.........| 16.61003 6.3 0.44) 2.16 26.0} 56!) 1.6 
| 
le 0.4, glucose 50, ¢.-sug. - 15.0; 822) 6.1 0.49) 2.24 33.5] 74 | 27.4 
13.7, 691) 6.9 0.59} 2.19 31.2 | 68 | 47.9 
| 
Br. 375, sal. 100, Kl, 40*...... 100, 13.5 S44 6.3 0.56 2.27. 19.6 | 45 | 42 6 
100 14.7 961 4.7 0.56) 2.35 19.4} 45 | 24.6 
0, 10 15 3 1018 4.1 0.552.385 19.4] 45) 1.2 
Br. 475, sal. 150, Kl. 40... 100 |17.9/1115| 4.2 0.56] 2.27 20.6 | 47] 1.4 
Glucose 50, c.-sug. 25....... 16.1/1003) 5.8 0.51) 2.44 25.7) 63) 15 
| 14.9) 928; 6.2 0.54) 2.40 25.7; 62 | 16.3 
13.3) 845) 5.8 0.60) 2.36 20. 4, 48 | 24.7 
Br. 475, sal. 150, Kl. 40....... 100 [13.3] 934) 4.0 0.41) 2.04, 16.2] 33/ 0.9 
The abbreviations in the diet column represent the following: br. = bread, 
sal. = salmon, Kl. = Klim, and c¢.-sug. = cane-sugar. The hemoglobin rss = 


Hb, per cent/red cell hematocrit, per cent. 
* Cod liver oil, 15 ee. 


Table III depicts two metabolism experiments with the same 
anemic dog (Dog 24-59). The first concerns an experiment of 
sugar feeding alone and the second a heavy iron feeding experiment 
similar to those in Tables I and II. This 8 year old animal had 
been continuously anemic for approximately 6 years. 

The experiment in which iron was fed gave results not signifi- 
cantly different from the results of the two similar experiments 
reported in Tables I and II. There was the same large decrease 
in total nitrogen excretion accompanying the administration of 
iron salt. This decrease occurred principally in the urea and 


| 
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ammonia fraction. In the after period of sugar feeding, the excre- 
tion of nitrogen returned approximately to the level of the 2nd 
week. The creatine figures are comparatively high. The out- 
put of uric acid, however, was quite low. 

During the course of the sugar control experiment, the qualita- 
tive changes were the same. ©The output of urea and ammonia 
and of total nitrogen, however, diminished less rapidly than during 
iron feeding. This is especially noticeable in the 3rd weeks of the 
metabolism periods. A comparison of the Ist with the 3rd week 
in each of the two experiments demonstrates a decrease in the 
total nitrogen excretion of 36 per cent in the sugar feeding experi- 
ment in contrast to 53 per cent in the experiment where iron was 


TABLE IV 


Hemoglobin Construction and Decrease in Urinary Nitrogen in the Anemic 
Dog As Influenced by Fasting Plus Iron by Vein 


Anemic Dog 24-45. 


Day 7 Creati- Unde- 
= Fe Total N N N Creati- | Creatine Fe N+ Uric ter- 
intake NH3-N | NH3-N | N N acid N 

4 QO | 24,410} 21,370; 87.5 1510 0 6.2 110 | 1420 

7 216 | 18,020} 14,280) 79.2 1470 180 Ga 100 | 2000 
7 224 | 13,820; 9,950) 71.9 | 1260 240 | 10.8 60 | 2310 
2 0 | 16,700] 10,010] 60.0 | 1580 | 1260 | 17.1 40 | 3800 


Hemoglobin production 156 gm., equivalent to 26.5 gm. of nitrogen. 


fed with the sugar. 


The figures for decrease in urea and ammonia 


excretion are 40 and 61 per cent, respectively. 

It is significant that in the sugar control experiment, with a less 
significant decrease in the excretion of urea and ammonia, there is 
noted a modest regeneration of hemoglobin. Resulting from the 
3 weeks sugar feeding alone we obtain a hemoglobin output of 36 
gm. above the animal’s maintenance level whereas the hemoglobin 
production due to the feeding of iron and sugar together amounted 
to 128 gm. 

‘Table IV gives the results of an experiment in which iron was 
administered intravenously instead of by stomach tube. Colloidal 
ferric hydroxide, sufficient in amount to contain 32 mg. of iron, 


\ 
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was injected daily and, in contrast to the iron feeding experiments, 
the animal was fasted except for water. ‘The dog used for this 
experiment, Dog 24-45, had been previously used for a metabolism 
experiment with iron feeding (Table II) and the blood data for 
both experiments are given in Table I-A. 

The results of these experiments (Tables II and IV) on Dog 
24-45 show certain similarities. The excretion of nitrogen dimin- 
ished greatly during iron administration in each experiment and 
the production of hemoglobin was extensive in each case (152 and 
156 gm. of hemoglobin respectively). There are, however, a 
number of differences. In the fasting experiment (Table IV) 
with iron given intravenously, the general level of nitrogen me- 
tabolism is lower; and the output of urea and ammonia and of the 
related total nitrogen did not decrease as markedly during the 
Ist week of iron administration. It is interesting that the values 
for undetermined nitrogen rise steadily throughout this experiment 
and that the high excretion of creatine in the after period brings 
the combined creatine and creatinine figure to almost double 
that of the lst week. 

In Table V is shown the partition of the urinary nitrogen for a 
selected period in each of three representative experiments. ‘The 
periods selected include parts of the Ist and 2nd weeks of the ex- 
periments. Table V shows, therefore, the results of the first 
few analyses after the administration of iron was begun. In one 
of the experiments a non-anemic dog was used and in one of the 
two experiments with anemic dogs no ferric citrate was added to 
the diet. The animals were not catheterized every day so that 
the daily changes in the actual amounts of nitrogen excretion can- 
not be shown. Other experiments show reactions of similar 
character. By the middle of the 2nd weeks (October 21, April 
25, and September 26 respectively) of these experiments differ- 
ences in the percentage figures for urea are very evident. There 
is a marked decrease in this percentage for the anemic dog to which 
iron was administered. This decrease is much less marked when 
the anemic dog is not given iron. It is virtually absent in the case 
of the non-anemic dog. 

Considering these data (Table V) in conjunction with the data 
previously tabulated, one can picture the following series of events: 
A few days after the beginning of the administration of iron to the 
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anemic dog, the excretion of urea begins to diminish. ‘This re- 
sults in a diminution of the figures for total nitrogen. ‘lhe excre- 
tion of the other nitrogenous constituents diminishes less rapidly. 
It may even increase for certain constituents. There is a de- 
crease therefore in the percentage figures for urea accompanied by 


TABLE V 


Effect of Anemia and Iron Administration on Partition of Urinary 


Nitrogen 
Date | | Urea n | | Cregtine | Uric aed | 
Non-anemic Dog 29-32 
per cent | per cent per cent | per cent per cent per cent 
10/16,17 | 2 | | 0.41 | 11.3 
| | | (Ferric citrate feeding begun) | 
10/20, 21 2 | () | 0.36 | 14.8 
Anemic Dog 24-59 
| | : (ferric citrate feeding begun) 
4/22 | 55 | 0.9 | 0.21 12.5 
4/25 5.9 | 73.5 ; 43; 12.5 
4/24 I 7.2 | 67.4 6.7 | 2.5 | 0.29 | 15.9 
4/26 1 9 6 | 56.8 8.4 | 30 | 0.37 | 21.8 
Anemic Dog 24-59 (carbohvdrate alone fed) 
9/21 ,22 | 2 | 5.6 | | | |} 13.3 


aun increase in most of the other percentage figures. At the same 
time or shortly thereafter new red cells and hemoglobin begin to 
:uppear in the circulating blood of the animal. The same changes 
in a lesser degree are observed in the case of the anemic dog to 
which only carbohydrate is administered. Vhis is not evident 
in the case of the non-anemic animal. 
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DISCUSSION 


The experimental data tabulated above show clearly that the 
anemic dog during periods of fasting or sugar feeding with or with- 
out iron intake can produce a very considerable bulk of new hemo- 
vlobin within new red cells. This new hemoglobin can amount to 
IO to 150 gm. resulting from this period of zero protein intake. Ob- 
viously this new hemoglobin must be derived from the animal's 
body protein as all reserves of hemoglobin building material have 
heen exhausted by years of continuous severe experimental anemia. 

In the non-anemie dogs it will be noted that the decrease in 
nitrogen excretion in the course of an experiment is divided al- 
most proportionately between the various fractions. When the 
dogs are anemic and the hemoglobin regeneration is high due to 
iron feeding we note a conspicuous drop in the urea-ammonia frac- 
tions. In contrast the output of creatine and creatinine as well 
as of undetermined nitrogen decreased even less than in the case 
of the non-anemiec dogs. 

During periods of iron and sugar intake there may be formed as 
much as 150 gm. of new hemoglobin which amounts to about 25.5 
gm. of nitrogen. As this large amount of nitrogen must come from 
the dog’s body protein it is proper to ask whether this required 
nitrogen is derived from an inerease of tissue catabolism or from 
a more complete conservation of nitrogenous intermediate prod- 
uets. ‘The tabulated data indicate the increased conservation 
of nitrogenous intermediates evidenced by a decrease in the urea- 
ammonia fractions. There is a probability of an inereased tissue 
eatabolism. ‘This inerease in catabolism may be accelerated by 
the administration of iron salts. 

When one inquires as to the conservation of nitrogenous inter- 
mediate products it must be admitted that not all of the nitrogen 
of the new formed hemoglobin ean be accounted for on the basis of 
conservation of intermediates. ‘This faet together with evidence 
that the anemie dog catabolizes more of its body protein than the 
non-anemie dog points to the probability that in emergencies the 
body ean rob one protein tissue to make another protein which is 
urgently. needed. I¢xperiments in progress we believe should give 
the answer to this long disputed point. 
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SUMMARY 


Under conditions of protein starvation the anemic dog is com- 
petent to fabricate new hemoglobin from nitrogenous material 
derived from its own body proteins. This construction of new 
hemoglobin is greatly augmented by the addition of iron salt to 
the sugar diet or by the intravenous injection of colloidal ferric 
hydroxide. 

During protein starvation in the anemic animal, especially 
during the administration of iron, the excretion of urea and am- 
monia decreases greatly below the non-anemie control level. Irom 
the data presented it appears logical to assume that this change is 
due to a conservation of nitrogenous intermediates for use in new 
hemoglobin production. Iron may facilitate this particular type 
of conservation. 

There are differences in creatine and uric acid excretion between 
the anemie and the non-anemie dog. 

There is some evidence that the anemic dog has a higher nitrogen 
metabolism than the non-anemic dog. 

It is possible that iron increases the nitrogen catabolism in the 
anemic dog as compared with normal controls. 
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THE RELATION OF FILTRABLE TO NON-FILTRABLE 
CALCIUM IN CHICKEN BLOOD* 
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(Received for publication, August 11, 1933) 


It has been shown, by Riddle and Rheinhart (1), Hughes, Titus, 
and Smits (2), and others, that the calcium content of the blood 
serum of hens, as well as other fowls, during time of egg production 
is 2 to 3 times as high as tue caleium values in mammals or in fowls 
not laying. Russell, Howard, and Hess (3) report a relationship 
between the blood calcium in the hen and the size of the egg in the 
ovary. 

The calcium content of normal mammalian blood is very con- 
stant, varying only slightly even in pathological conditions. A 
slight variance is accompanied by the most serious results. Hence, 
it appeared peculiar that normal hens could have serum calcium 
values of such magnitude and show no physiological disturbances. 

A possible clue to an explanation lay in the fact that caleium has 
been shown to exist in blood serum in two forms, a diffusible 
calcium fraction, or more appropriately a filtrable and a non- 
filtrable fraction. The filtrable fraction is considered to be the 
more physiologically active, as the non-filtrable portion is now 
generally thought to be held by the serum proteins in some ill 
defined manner. 

Rona and Takahashi (4) in 1911 first described the partition of 
serum calcium. Since then considerable work has been done by 
Cushny (5), Updegraff, Greenberg, and Clark (6), Neuhausen and 
Marshall (7), Benjamin and Hess (8), and other investigators to 
establish the nature of this calcium partition and the amount of 
calcium to be found in each fraction under both normal and 
pathological conditions. It has been found that the total serum 
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‘calcium is 50 to SO per cent diffusible, and that the protein-bound 
calcium and filtrable fractions are in equilibrium with each other, 
an increase in the total calcium meaning an inerease in both 
fractions. 

In 1932 Nicholas (9) described a method for filtering blood serum 
through a membrane of du Pont No. 300 cellophane under high 
pressure. By this method a clear protein-free filtrate is obtained 
that gives more uniform results than those from filtering through 
collodion sacks. 

It was decided to study the calcium partition in chicken serum 
by using « high pressure ultrafilter, as deseribed by Nicholas, to 
determine the amount of caletuin in each fraction when the total 
serum ealeium varied over such wide ranges. | 


Methods 


Calcium determinations were made on blood serum, the subjeet 
being bled from the heart with a syringe. Between 20 to 30 ce. 
of blood were taken, considerably weakening the chicken, but 
seldom sacrificing it. After coagulation the serum was separated 
by centrifuging and the calcium determinations started at once. 

Most of the total calcium determinations and all of the ultra- 
filtrate values were obtained by the Kramer-Tisdall (10) method, 
as modified by Tisdall (11), by Clark and Collip (12), and by 
Standford and Wheatley (13). 

Frequently the serum obtained was not a clear, straw-colored 
liquid, but rather was milky and cloudy. It contained some un- 
known suspension that could not be centrifuged out. It was 
practically impossible to determine total serum ecaleium by titra- 
tion on such a sample, as the suspended matter precipitated along 
with the calcium oxalate and interfered with the permanganate 
titration. That difficulty of this kind is frequently encountered is 
indicated by the fact that bacteriologists often experience difficulty 
in running certain precipitin tests with poultry serum. Hughes 
(14) in unpublished data dees not establish the nature of the 
material, but does report that it is neither protein nor lipid in 
character. In this research it was found that protein determina- 
tions on such samples ran no higher than normal. Caleium was 
determined in these samples by the colorimetric method of Roe 
and Kahn (15). 
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Results 


In Table I are presented data on three groups of chickens: 
males, hens known not to be in production, and a group of hens, 
each of which was known to be in active production. The division 
of the two groups of hens was on the basis of their ovarian activity 
as indicated by trap nest records. 

These results establish the interesting fact that while laying hens 
have a high total serum calcium the ultrafiltrable fraction is the 
same as that in other chickens. In contrast to this a great differ- 
ence will be noted between the total serum calcium values of the 
laying hen and the male, and between the laying hen and non- 
laying hen. 

TABLE I 
Results of Analyses of Chicken Sera 
Ca analyses 


birds | Average total filtrable Ca Average 
Ca per per 100 cc. total Cu 
100 ce. serum | filtrable 
— 
mag. mig. per cent 
Non-layving hens... ... 14 |120+0.2}65+0.2 54.6 
17 | 251+08 64+0.1 | 25.5 


DISCUSSION 

Studies of the caleium partition in mammalian blood in previous 
reported work have been based either on serum calciums increased 
artificially by injection of salts, or on parathyroidectomized ani- 
mals, or on a study of animals in pathological conditions. From 
such studies it has been concluded that the diffusible and non- 
diffusible caleitum fractions are in equilibrium with each other, and 
henee fluetuate together with any changes in the total ecaleium 
content of the serum. 

In contrast to this it is quite evident that in the laying hen, 
which goes naturally through great changes in total serum ealeium 
values, the filtrable caleium fraction does not fluetuate. Work in 
which the calcium content of the blood is changed is now being 
conducted on chickens at this institution to see if any conclusions 
can be drawn as to how this excess caleium is bound. 


KUM | 


514 Filtrable and Non-Filtrable Blood Ca 


SUMMARY 


The average value of filtrable calcium of males was found to be 
6.4 + 0.1 mg., that for non-laying hens 6.5 + 0.2 mg., and that for 
hens in active production 6.4 + 0.1 mg. These results show that 
the filtrable calcium in chicken serum remains constant regardless 
of ovarian activity. 

The total calcium for laying hens was found to be 2 to 3 times 
as high as that for non-laying hens or males, which is in accord 
with previous reported results. 

The ratio of diffusible to non-diffusible calcium does not remain 
constant as the total calcium in laying hens increases. 
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STEROLS 
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Indiana) 


(Received for publication, October 7, 1933) 


In a recent paper (1) we described the preparation and proper- 
ties of cerevisterol, one of the minor sterols accompanying ergos- 
terol in yeast. This substance is characterized by a high melting 
point, extreme insolubility in hexane, and the presence of 3 oxygen 
atoms in the molecule. It appears to be doubly unsaturated. 
‘The formation of a diacetate indicated that 2 of the oxygen atoms 
occur in hydroxyl groups, but as to the nature of the 3rd oxygen 
atom no evidence was obtained. Neither was it possible to decide 
whether cerevisterol contains 46 or 48 hydrogen atoms, since the 
analytical data gave figures which indicated approximately H,;. 

Most natural sterols contain but 1 oxygen atom. The com- 
paratively rare dihydrie sterols contain 2 oxygen atoms. Cere- 
visterol appears to be the only sterol with 3 oxygen atoms, unless 
one admits to the sterol family certain substances of more doubtful 
classification. It is desirable, therefore, to establish the existence 
of the 3rd oxygen atom in cerevisterol with more than customary 
certainty. 

Reindel and Weickmann (2) in their work on the purification of 
zymosterol, treated crude zymosterol with ligroin, thereby remov- 
ing a ligroin-insoluble Pilzcerebrin that contained nitrogen. Since 
this is essentially the treatment which we employ to separate 
cerevisterol from yeast-sterol mother liquors, it seemed necessary 
to determine whether or not nitrogen had been mistaken for oxygen 
in the cerevisterol analyses. 

Combustions were performed with the same sample of cerevi- 
sterol that was previously taken for analysis. These showed that 
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the sterol contained no nitrogen, and also no phosphorus, sulfur, 
or ash. The possibility that one of these elements, either in 
the form of a contaminating lipid, or as an integral part of the 
molecule, had been confused with oxygen is therefore eliminated. 
There remains the possibility that cerevisterol retains its solvent 
of crystallization with such tenacity that the 3rd oxygen atom is 
due to this source. As a matter of fact, the cerevisterol used for 
the combustions reported in our previous paper had been dried in 
a high vacuum at 110° over phosphorus pentoxide. Nevertheless, 
we have reinvestigated its degree of desiccation as follows: 100 mg. 
of cerevisterol, dried in a high vacuum at room temperature, were 
subjected to a high vacuum for periods of 30 minutes at 80°, 100°, 
131°, and 175°. There was no more than a fraction of a mg. loss 


TABLE I 
Analysis of Cerevisteryl Diacetate 


O (by 


ma. mg. mq. per cent per cent per cent 
4.798 15.130 | 4.110 74.63 9.58 15.79 
5.208 14.230 | 4.560 74.52 9.80 15.68 
4.829 13.230 |! 4.230 74.72 9 80 15.48 
4.8458 13.350 4.250 75.10 9 SI 15.09 
Theory for | | 74.65 | 9.80 15.55 
500; | | | 


— 


of weight in any case except in the treatment at 175°, which 
resulted in slight decomposition (yellowing) of the sterol. It 
would thus appear that cerevisterol is not difficult to dehydrate, 
even at room temperature, unless indeed it holds its solvent of 
crystallization up to the point of actual decomposition. 

The latter possibility was investigated by analyses of cerevisiery]! 
diacetate. Sterol esters as a rule do not retain solvents of erystal- 
lization with the tenacity that is sometimes shown by the sterols 
themselves. The diacetate was dried in a high vacuum at 110° 
over phosphorus pentoxide. The combustion data, given. in 
‘Table I, made in quadruplicate by Dr. A. Schoeller of Berlin, 
demonstrate beyond reasonable doubt that 3 atoms of oxygen are 
contained in the cerevisterol molecule. 

The use of the ester for analysis not only gives assurance against 
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the inclusion of solvent of crystallization, but it also makes possible 
a final decision on the number of hydrogen atoms present. Sterol 
molecules are so large that small analytical errors, especially in 
hydrogen, become serious in the calculation of the empirical 
formula. From the above analyses the composition figures out 
C31. 19 Hap. )s, 1.€. 506 )s for cerevistery] diacetate, und 
for cerevisterol. ‘Thus 3 oxygen atoms are present, and the cor- 
rect number of hydrogen atoms is 46. 

In our previous attempt to determine the nature of the 3rd 
oxygen atom we indicated the absence of aldehyde and ketone 
groups. In the present study analyses were made for methoxyl 
(Table II), the existence of which would be in keeping with the 
ralence requirements of «a doubly unsaturated, dihydric sterol 


TABLE If 


Delorminations of Methoryl Group 
Methoxyl | 


| calculated Methoxyl 


~ubstances Weight taken for one OCH; 
group 
mad. | per cent per cent 
| 15.98 | 16.3 
Cerevisteryl diacetate. 6.03 0.2 
Cholestery] methyl ether... ..... 7.75 7.9 
7.5 


having the composition shown. The Vieb6ck and Schwappach 
method as described by Clark (3) was employed. After testing 
this procedure on a-methylglucoside, we applied it to cerevisterol 
and cerevisteryl diacetate, with negative results. A check on the 
applicability of the method to sterols was then made with choles- 
teryl methyl ether prepared according to Bills and MeDonald 
(4). This gave practically theoretical results, confirming the con- 
clusion that methoxyl, or ethoxyl, is not present in cerevisterol. 
The problem of the 3rd oxygen atom in cerevisterol recalls the 
example of ursolic acid, Cs0H4sO3, a substance of superficially 
similar properties. Sando (5) found that diacetylursolie acid 
decomposed on boiling in dilute aleohol into the monoacetyl 
derivative, and that furthermore ursolic acid itself is readily 
titrated with alkali. Such behavior pointed to a hydroxy acid 
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or lactone structure, probably the former in this instance. Cere- 
visterol is neutral to alkali, and its diacetate is not readily hydro- 
lyzed by boiling in dilute aleohol. Thus it appears that the 3rd 
oxygen atom is not concerned with a carboxyl group, either as a 
hydroxy acid or as a lactone. 

The location of this oxygen cannot be in the general ring struc- 
ture, if cerevisterol is a sterol. The principal evidence that 
cerevisterol is related to ergosterol is (a) its empirical formula, 
(b) its absorption spectrum, and (c) its color reaction with the 
Rosenheim reagents. The formula, CosH403, shows carbon and 
hydrogen in the same amount as in dihydroergosterol, which, like 
cerevisterol, is doubly unsaturated. ‘The position of the somewhat 
weak absorption band of cerevisterol is the same as that of the 
strong absorption shown by isoergosterol. As previously reported, 
cerevisterol gives with Rosenheim’s trichloroacetic acid reagent 
(6) the transient red color supposed to indicate a molecular con- 
figuration characteristic of ergosterol and isoergosterol, but not of 
sterols in general. We now find that with chloral hydrate, another 
reagent used by Rosenheim for eliciting this coloration, cerevisterol 
again gives a positive test. With both trichloroacetic acid and 
chloral hydrate the color developed by cerevisterol is more intense 
than that developed by ergosterol. The Rosenheim reaction is 
considered much more specific than the Liebermann or Salkowski 
reactions, which are given not only by unsaturated sterols in 
general, but also by other substances, such as ursolie acid. <A 
specimen of ursolic acid, supplied by Dr. Sando, gave no Rosen- 
heim test. 

The data presented indicate with fair certainty that the third 
oxygen atom of cerevisterol is not located in any of the following 
structures: aldehyde, ketone, methoxyl, ethoxy], carboxy] (lactone 
or hydroxy acid), norin the ring system. By the process of elimi- 
nation we come to the view that this oxygen is probably situated in 
a third hydroxyl group, which from some hindrance fails to acety- 
late. Most probably this is a tertiary alcoholic structure, since 
tertiary alcohols as a class exhibit not more than a feeble tendency 
to form esters. Direct proof of the hypothesis has not been 
obtained, for in the reactions for the identification of tertiary 
alcohols cerevisterol is unstable, and the quantity of material 
available has been limited. 
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We have recently found that cerevisterol, unlike the ergosterol, 
a-dihydroergosterol, and zymosterol with which it occurs, does 
not react with digitonin to give an insoluble digitonide. The 
purification of cerevisterol should therefore be facilitated by the 
use of digitonin to remove the other sterols from partially sepa- 
rated mixtures. ‘lhe possible admixture of a cerevisterol moiety 
in the hydrated zymosterol analyzed by Pénau and ‘Tanret (7) 
may explain the report of these workers that zymosterol contains 
two hydroxyl groups. Other investigators of zymosterol (2, 8-10) 
agree that it contains only one hydroxyl group. 

In conclusion, it is to be remembered that there are-several ob- 
scure sterols, or sterol-like substances, which contain 2 atoms of 
oxygen, being in this respect intermediate between the common 
sterols and cerevisterol. Among these are onocerol (onocol) 
prepared by Thoms (11) from the roots of Ononis spinosa, casi- 
mirol obtained by Bickern (12) from the seeds of Castmiroa edulis, 
arnisterol (arnidiol) by Klobb (13) from the flowers of Arnica 
montana, faradiol by Klobb (14) from the flowers of T'usszlago 
farfara, and olestranol and homoolestranol by Power and Tutin 
(15) from the leaves of Olea europxa. Each of these melts at 
somewhat above 200°, in distinction from the lower melting, 
monohydric sterols. Cerevisterol melts at 265.3°, in keeping with 
its uniquely greater content of oxygen. 


SUMMARY 


1. New analytical data for cerevisterol confirm the presence of 
3 oxygen atoms in the molecule, and show that the correct number 
of hydrogen atoms is 46. The formula is CssH4sO3, with two 
double bonds. 

2. At least 2 of the oxygen atoms occur in hydroxyl groups. 
The 3rd oxygen atom, by the elimination of other possibilities, 
is tentatively located in a tertiary alcoholic structure. 

3. Cerevisterol does not form an insoluble digitonide. 

4. Additional evidence is given of a relationship of cerevisterol 
to ergosterol. 
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THE CATALYSIS OF THE HYDRATION OF CARBON 
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By WILLIAM C. STADIE anp HELEN O’BRIEN* 


(From the John Herr Musser Department of Research Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, September 23, 1933) 
The kinetic aspects of the reactions 


CO, + H.O ae H.CO; (1) 
H.CO; CO, H.O (2) 


are admirably reviewed by Faurholt (1924) who showed that the 
reactions (hydration of COs. or the dehydration of H:CO;) are 
re'atively slow. Inasmuch as the ionization of H2CO; into H+ and 
HCO; is known to be practically instantaneous and since most 
of the COz in the blood is transported as HCO,;, it is obvious that 
the rate of reaction in Equation 1 or 2 determines the time re- 
quired for the uptake or evolution of COs. in the tissues and lungs 
respectively. Henriques (1928) first pointed out that this time is 
greatly in excess of the requirements for physiological transport of 
CO, and he demonstrated that the velocity of evolution_of COz 
from blood or concentrated hemoglobin solutions is very much 
greater than in aqueous so‘utions. 

Henriques concluded that this acceleration was brought about 
by the ability of CO, to unite reversibly with hemoglobin to form 
a complex, HbCO:, which he called carbhemoglobin. This com- 
pound, which for quite d:fferent reasons was originally proposed 
by Bohr (1890), was supposed to form and dissociate with great 
rapidity, as does its analogue oxyhemoglobin. Henriques be- 
lieved that it accounted for a large part of the CO, transport of 
the blood. 
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Subsequently, Van Slyke and Hawkins (1930) confirmed 
Henriques’ findings and also found that blood at 1:20 dilution 
accelerated the rate of evolution of CO, from a buffered bicar- 
bonate solution. They dismissed the carbhemoglobin hypothesis 
and proposed that the acceleration of CO, evolution from blood 
was due to a catalytic acceleration of the reaction H+ + HCO; — 
H.CO; by hemoglobin, a view which is now untenable. 

Dirken and Mook (1930) showed that red blood cells in dilute 
solution accelerated the hydration of CO. and Brinkman and 
Margaria (1931) reported that dilutions of blood of the order 
1:200,000 markedly accelerated both the hydration of CO, and 
the dehydration of HeCO;. These authors concluded that the 
acceleration of the reaction velocities was due to the catalytic 
activity of hemoglobin. 

The separation from the red cell contents of the active cata'yst 
from hemoglobin proper was first effected by Meldrum and 
Roughton (1932) who found it had the common properties of an 
enzyme and for this reason called it carbonic anhydrase.! They 
found it highly active in accelerating the dehydration of H,CQO3. 
The present authors had demonstrated the enzyme in the contents 
of red blood cells, separated it, and tested its activity before 
Meldrum and Roughton’s preliminary note came to their atten- 
tion, as they subsequently reported (1933). 

In this paper we present the details of experiments upon the 
preparation of the enzyme and its effects upon the hydration of 
CO, and the dehydration of H.CO 3. Our results on the activity 
of the enzyme are given in terms of the velocity constants, Keo, 
and ky,co, This expresses the activity in units of thermo- 
dynamic significance rather than in some purely arbitrary effect 
over a given time. Such a method makes intercomparison of the 
effects of the enzyme much more rigorous. 

Calculation of Velocity Constants—The complete equations used 
for the calculation of the velocity constants will be given in a sub- 
sequent paper. It will suffice here to give the meaning of the 
symbols employed. 


1 Since the enzyme catalyzes both hydration and dehydration, this term 
is only partially descriptive of its action. 
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The reaction of hydration (Equation 1) has a velocity which at 
any instant of time up to equilibrium is given by 


d(CO,) /dt = kgo, (C02) 0s) 


kco, is the velocity constant for the hydration of CO. and is the 
fraction of total CO, present at any given instant hydrated to 
H.CO; in unit time. ky,co, is the similar velocity constant for 
the dehydration of H.CO;. Let gyeo, be the fraction of the 
total CO, existing as bicarbonate ion at any instant. This may be 
ealeulated in any buffer mixture containing CO, from the pH. It 
can be shown that there is a function of ¢gyco; such that 


Ft (Sco, = koo,t + constant 


where ¢ = time. This is the equation of a straight line. Experi- 
mentally it is found that both with and without enzyme quite 
exact linear relations of £(¢yco,) and ¢ occur up to 95 + 3 per 
cent of an equilibrium. The slope of such lines immediately gives 
kco,, Inasimilar fashion, the reaction of dehydration (Equation 
2) has a velocity at any instant given by 


A function, linear in character, of gyco, is derived 


F = ky.c0,! + constant 


The experimentsl values of #£(¢Hco,) plotted against ¢ are not 
linear as in the case of hydration, but the curvilinearity is slight 
enough to make a reasonable extrapolation to t = 0, at which 
point the slope = ky,co,. In Table I we have collected values 
from various sources of kco, and ky,co, in aqueous buffers for 
comparison. 

Experimental Method for the Determination of kog, and ky.co— 
For the determination of keo, the reacting solutions are an alka- 
line phosphate and a solution of CQ». In the case of ky.co, the 
two solutions are an acetic acid buffer and a NaHCO; solution. 

These reacting solutions (all of which have been saturated with 
quinhydrone) are made slightly different in density by the addition 


d(H:CO;) /dt = 0s) — keg, 
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of sugar in appropriate quantities. They are stratified one over 
the other, an intermediate aqueous sugar solution separating the 
two. At zero time, mixing is accomplished by a small motor- 
driven propeller at high speed and is complete in 1.0 + 0.2 second. 
The mixing vessel, of 4 cc. capacity, is equipped with a platinum 
electrode and a saturated KCl-agar bridge connected to a calomel 
cell to form a quinhydrone electrode. §.M.F. readings are made 


TABLE I 


Values of kco. and ky.co, at 0° and 18°, Extrapolated Values at 38°, and 
Time for 90 Per Cent Equilibrium of Hydration or Dehydration 


| 


CO: HCO: Time for 
|—— 90 per cent 
man, "Brien = yp man, ‘Brien | of hydration 
Margaria,| (unpub- Margaria, | (unpub- | or dehydration 
Roughton | lished Roughton lished (pH 7.4)t 
(1933) results) (1933) results) 
77 mole per | mole per | mole per | moles per | moles per | moles per — 
sec. sec, sec. sec, sec. sec. 
0 0.0030 | 0.0026 0.0027 2.7 a 1.4 700 
IS 0.025 0.024 «16.3 11.1 78 
38t 10.23 | 105 (140 8 


* Faurholt’s results as given in his paper are all multiplied by 2.303, the 
modulus of the Napierian logarithm. Brinkman, Margaria, and Roughton’s 
failure to do so led them to believe that their results were markedly dis- 
crepant from those of Faurholt. 

t It can be shown that the equation for ¢ is 

1+ (H*/ku.co,) 1 
1=23 
kco, + (H*/ku.co;)) + (ku.cosH*/K:)| 1 — 0.9 
A, = 10° is the true ionization constant of H2CO;. 
t All values at 38° extrapolated by the Arrhenius equation. 


by reading the deflections of a Kipp galvanometer having a period | 
of of a second. The galvanometer spot is either photographed 
in the fast reactions or read and timed by a stop-watch in the 
slower reactions. From the §.m.F. the pH is calculated in the 
usual way. In any buffer of known composition (¢yco;) may 
be calculated from pH so that the bicarbonate concentration is 
known in any instant over the course of the reaction. co, and 
ky,co, are calculated as above. 
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Preparation of the Enzyme?—100 ee. of washed red blood cell 
magma are diluted with 750 cc. of water and 200 ec. of a 3:1 
aleohol-chloroform mixture are added. After further addition of 
250 ec. of 95 per cent alcohol the precipitate is allowed to settle. 
The supernatant solution is decanted and evaporated to dryness 
at room temperature with the aid of a fan. The dried residue is 
extracted with 50 per cent alcohol and the filtered extract evapo- 
rated to dryness at room temperature. The whitish, air-dried 
powder, which is very soluble in water, is ground and preserved 
dry for use. Its activity slowly decreases in the course of a month. 
No attempts have been made to purify the enzyme further and 
without doubt the preparations contained considerable inert ma- 
terial. 

Miscellaneous Properties of the Enzyme Out of solutions of the 
enzyme prepared as described above considerable inert protein 
may be precipitated by 70 per cent saturation with ammonium 
sulfate, leaving the active enzyme in solution. Trituration of the 
dried enzyme preparation with 60 to 80 per cent glycerol dissolves 
out the enzyme, leaving considerable inert material behind. 

Treatment of washed red cells for the separation of hemoglobin 
into globin and hematin by the Anson-Mirsky (1929) method 
showed that the hematin portion was completely inert and that the 
enzyme had come down with the globin. It was possible, how- 
ever, to precipitate most of the globin by an alcohol-chloroform 
mixture and obtain an active filtrate. The enzyme apparently is 
neither hemoglobin, hematin, nor globin. 

No enzyme could be demonstrated to be present in the serum. 
Iixtraects of hashed beef were highly active. No attempt was 
made to free the beef completely of blood, but the activity of the 
enzyme preparation was greater than could be accounted for by 
the small amount of blood originally present. 

At 70° the enzyme is rapidly inactivated and KCN distinctly 
inhibits its activity. 

Effect of Red Blood Cell Contents upon Velocity of Hydration of 
('O.—-Washed human red blood cells were diluted with water and 
the concentration of the solution in gm. of dried substance per 

* To avoid repetitious qualification the enzyme prepared should be un- 


derstood throughout to be an impure preparation. No claim is made for 
the separation of any chemical identity. 
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liter determined. The velocity constant kceo, in a mixture of 
phosphate and CO, was determined with varying quantities of the 
red cell solution. The results, shown in Table IT, are expressed in 
terms of keg, and mg. per liter of red blood cell solids per liter of 
final concentration. ‘The increase of the velocity constant ico. 
with red blood cell solids is approximately linear and the ratio 
keo,/*keo., where *kco, is the velocity constant without enzyme, 
is kco./*keo, 75 per gm. of red blood cell solids per liter. 

effect of Enzyme Preparation upon Velocity of Hydration of CO,— 
The enzyme Preparation V, at known concentrations was added to 
: mixture of phosphate and CO, and the velocity constant kco, 


TABLE II 
Effect of Red Cells on Hydration Velocity Constant kco, 
Reaction mixture: (a) phosphate buffer, (b) solution of CO,. 
Constants: = 0°; Na,HPO, = 7.7 mM per liter (initial concentration) ; 
KH,PO, = 5.4mm per liter (initial concentration). 


Experiment No. | Final CO» | 10° | Ratio 
| mM per |. mM per l, | 

1 0 | 2.7 1 
2 roe 42 | 5.3 2.0 
3 | 20.3 | 58 | 9.5 3.5 
4 84 13.3 4.9 
5 | 22.1 | 84 | 17.7 8.5 
6 20.3 | 84 | 14.5 5.4 
7 | 20.0 | 90 | 16.7 6.2 
S | 21.9 | 180 | 27.3 10.0 


calculated as described. The results are shown in Table III. 
As in the case of red blood cells the velocity constant is, within the 
range studied, approximately proportional to the concentration of 
the enzyme preparation and kco,/°*kco, = 200 per gm. of Prep- 
aration V, per liter. The preparation is about 3 times as active 
per gm. as the solids of red blood cells. Other preparations show 
ratios as high as 5. In other words, the enzyme activity has been 
increased 3- to 5-fold by the relatively simple method of prepara- 
tion. Quite likely much higher ratios would be obtained upon 
further purification, but these are sufficient to indicate again that 
the enzyme is probably neither hemoglobin nor globin, both of 
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which are present in red cells at much higher ratios to the total 
solids than 1:5. 

Kffect of Enzyme upon Dehydration of H2,CO;—The velocity 
constant ky,co, in a bicarbonate-acetic acid mixture was deter- 
mined at 0°. Four concordant determinations were performed. 
The final concentration of the enzyme Preparation V; was 22 mg. 
per liter and the ratio of ky,co, to its value in uncatalyzed reac- 
tions was 1.7. Hence the value follows: ky,co,/*ky.co, 77 
per gm. of enzyme preparation per liter. When compared with the 
ratio for the same preparation in the case of the hydration of CO, 
(viz. 200), the effect of the enzyme on dehydration velocity con- 
stant is about 38 per cent of that on the hydration constant. 


TABLE III 
Effect of Enzyme Preparation Vs on Dehydration Velocity Constant kco, 
Reaction mixture: (a) phosphate buffer (pH 7.0), (6) CO: solution. 
Constants: t = 0°; NasHPO, = 7.7 mo per liter (initial concentration) ; 
KH,;PO, = 5.4 mo per liter (initial concentration); total phosphate = 13.1 
mM per liter. 


Final enzyme keo. X 10° | Ratio 


experiment No. | Final CO, concentration | 
mM per l. mg. per l. | 
1 | 0 2.4 1.0 
2 24 | 17 | 9.5 3.5 
3 28 4.9 
4 22 .2 56 31.7 | 11.7 
5 22.4 s4 45.5 16.7 


Examination of Brinkman and Margaria’s studies (1931) on the 
effect of a hemoglobin solution upon hydration and dehydration 
.which, unfortunately, cannot be compared directly with ours 
since they are expressed in time required for the reaction to pro- 
ceed over a purely arbitrary interval) shows, however, the same 
marked discrepancy in the effect upon the two reactions. Much 
more hemoglobin was required to shorten the time of dehydration 
to the same extent than in the case of hydration. In general, 
unless the final equilibrium is altered, a catalyst should affect 
equally the velocity constants of a given reaction, though this is 
not always the case in enzymatic catalysis (Waldschmidt-Leitz, 
1929, p. 55). Without further studies the significance of this 
effect of the enzyme is obscure. 
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The effect of a variation of the total CO, at constant enzyme con- 
centration is shown in Table IV. In accordance with the general 
experience with enzymes the effect of Preparation V, is less the 
higher the concentration of the substrate. The data allow of an 
approximated calculation of the Michaelis-Menten (1913) con- 
stant for this preparation. By a modification of their method we 
calculate it to be about 90. 


TABLE IV 
Effect of Increasing Substrate at Constant Enzyme Concentration on 
Hydration Velocity Constant kco, 

Reaction mixture: phosphate buffer and CO, solution. 

Constants: ¢ = 0°; NazHPO, = 7.7 mM per liter (initial concentration) ; 
KH.PO, = 5.4 mo per liter (initial concentration); total phosphate = 13.1 
mM per liter; enzyme Preparation V,; = 0.80 mg. per liter (final concen- 
tration). 


Experiment No. Final CO, | * 108 

| CO: 
| per | 

2.50 

51 40 0.36 

2 10.4 (). 44 

14.9 >. 11 Q.24 

4 22.8 3.18 0.27 

25.4 2 $5 0.14 

29 7 2 87 


| 


* Noenzyme. 

SUMMARY 

1. The presence of an enzyme has been demonstrated in red 
blood cells and muscle hash which catalyzes the hydration and 
dehydration of COs. 

2. A method for the partial purification of the enzyme has 
been given. The enzyme is apparently neither hemoglobin, glo- 
bin, nor hematin. 

3. A method for expressing the activity of the enzyme prepara- 
tion in terms of its effect upon kco, and ky,co,, the hydration and 
dehydration velocity constants of the reactions catalyzed, is given. 

4. The effect of both red blood cell solids and the isolated enzyme 
preparation upon the velocity of the reaction is reported and its 
Michaelis-Menten constant calculated. 
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THE METABOLISM OF AZELAIC ACID* 
By H. GREGG SMITH? 


(From the Department of Biochemistry and Pharmacology, The University 
of Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, October 9, 1933) 


‘The evidence concerning the utilization of dibasic fatty acids 
in the animal organism has been reviewed by Dakin (3) and more 
recently by Flaschentrager (4). Oxalic acid is burned to a limited 
extent, and in large amounts is toxic. Malonic and succinic 
acids are utilized, and glutaric acid is completely oxidized in the 
dog (3), but is nephrotoxic to the rabbit, while the higher acids 
affect the rabbit kidney only slightly (7). Adipic acid is recovered 
in the urine of rabbits (5), dogs (4), and men (4) to the extent of 
50 to 60 per cent of that injected or ingested. Flaschentriger 
recovered 30 per cent of adipic, 60 per cent of suberic, and 61 per 
cent of sebacic acid from the urine of injected dogs. Baer and 
Blum (2) recovered from the urine of phlorhizinized dogs after 
injection of the acids: adipic, 12 per cent, pimelic, 47 per cent, 
suberic, 62 per cent, azelaic, 50 per cent, and sebacic, 45 and 13.6 
per cent. The information concerning azelaic acid consists of 
the one experiment of Baer and Blum. 

In the naturally occurring unsaturated fatty acids the double 
bond nearest the carboxyl group is, with rare exceptions, in the 
9:10 position. Oxidation of these acids with potassium per- 
manganate yields, among other products, azelaiec acid. If oxida- 
tion zn vivo in any way parallels that zn vitro, azelaic acid should 
be formed in the body. ‘The experiments described below demon- 
strate that approximately half the amount of azelaic acid fed to 
dogs can be recovered unchanged in the urine. The accumulat- 


* Presented in part before the American Society of Biological Chemists 
at Cleveland, December, 1925 (Smith, H. G., J. Biol. Chem., 67, xxvii 
(1926)). 

+ Deceased, February, 1933. The manuscript has been revised by H. 
5S. Olcott, Biochemical Laboratory, State University of Iowa, Iowa City. 
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ing evidence thus seems to indicate that the metabolic oxidation 
of fatty acids proceeds in a manner independent of the presence or 
position of a double bond (6). 


EXPERIMENTAL 


Two dogs, weighing approximately 25 kilos each, were fed daily 
450 gm. of chopped lean beef, 120 gm. of sucrose, and 10 gm. of 
bone ash. ‘They remained in excellent health throughout the 
experiments. During each of a number of 6 day experimental 
periods azeluic acid was fed in amounts of 20 to 45 gm. Control 
periods were variously interspersed. Weighed quantities of the 
acid were dissolved in 10 per cent sodium carbonate and thoroughly 
mixed with the food. Any food uneaten on a given day was pre- 
served and added to the next day’s ration. Urine collection was 
continued for 36 hours beyond the 6 day period. The urine was 
kept cold and saturated with chloroform. The feces were marked 
with charcoal and preserved in 95 per cent alcohol. 

‘The azelaic acid was prepared by the oxidation of oleic acid (1). 
In the later experiments an Eastman product was used. It was 
recovered from the urine by the following procedure. The urine 
was acidified with sulfuric acid and thoroughly extracted with 
ether. In case a permanent emulsion formed, the urine was 
evaporated to a small volume, acidified with sulfuric acid, mixed 
with plaster of Paris to form a dry powder, and extracted with hot 
aleohol. The alcohol was distilled off in a partial vacuum and 
the residue extracted with ether. The ether extracts were com- 
bined, concentrated to a small volume by distillation, the last 
traces of ether removed by heating on the steam bath, and the 
residues completely extracted with 100 ec. portions of petroleum 
ether in which azelaic acid is practically insoluble. This treat- 
ment removed the lipid material which had followed the azelaic 
acid in the ether extractions. The petroleum ether-insoluble 
residue was then treated by methods outlined below in order to 
obtain purified azelaic acid. 

The feces were treated with 500 ce. of 20 per cent sodium hy- 
droxide, heated for 24 hours on a steam bath, acidified with 50 
per cent sulfuric acid, and filtered hot. Both residue and filtrate 
were extracted with ether. The ether extracts were combined 
and treated like those of the urine. Since the average weights of 
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the petroleum ether-insoluble fractions were fairly uniform in the 
control and in the azelaic acid periods (Table I), it was assumed 
that the feces contained no azelaic acid and the material was dis- 
carded. 

The petroleum ether-insoluble material from the urines contain- 
ing azelaic acid was dissolved in ether, decolorized with animal 
charcoal, the ether distilled off, and the residues dried on the steam 
bath. They varied considerably in physical properties, some of 
the fractions being black and tarry and others consisting of a 
slightly colored solid, occasionally having a definite melting point. 
In a few cases, azelaic acid separated in almost pure form from the 
ether solution. Attempts were made to purify the material by 
crystallization from solvents but efforts in this direction met with 
little success. ‘The most successful method for the preparation of 


TABLE I 


Average Weight of Ether-Soluble, Petroleum Ether-Insoluble Extract of 
Feces of Dogs with and without Addition of Azelaic Acid to Diet 


| Control experiments | Azelaic acid experiments 
| | | giv. gm. 
A-7 6 | 2.9 5 2.8 
23-6 4 | 3.1 7 3.4 


the pure acid was through its copper salt. A weighed amount of 
the material was dissolved in concentrated ammonium hy- 
droxide, the excess ammonia was driven off by boiling; and the 
azelaic acid precipitated from the almost neutral solution by the 
addition of an excess of 20 per cent copper sulfate. Analyses for 
copper indicated that the precipitate probably consisted of a 
mixture of the neutral and acid copper azelates. The copper salt 
was filtered off, washed thoroughly, suspended in water, and de- 
composed with hydrogen sulfide while being heated on the s.eam 
bath. The mixture was filtered hot. Azelaic acid separated from 
the concentrated solution in pure form. In four experiments in 
which pure azelaic acid was used an average of 94 per cent was 
recovered. ‘The purification of the material extracted from the 
urine in the various experiments outlined in Table II was ac- 
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complished by several procedures, or combinations of different 
procedures. ‘The calculation of the per cent recovery of ingested 
azelaic acid was based on the weight of purified azelaic acid re- 
covered. Although the melting point of this acid in each case was 


TABLE II 
Ercretion of Ingested Azelaic Acid in Urine of Dogs 


Azelaice acid 


Dog No. | Iixereted 
Recovered 
A* | Lt 

gm, gm. | gm. | per 

23-6 | 18.9 | 14.0 | 13.3 | 70.4 

| 35.3 | 10.1 | 10.1 28.6 

20.5 25.3 | 18.6 90.6 

30.0 | 28.5 | 22.9 76.3 

42.7 | 24.1 14.6 44 2 

44.4 | 23.4 15.3 34.0 

30.9 16.0 11.4 37.3 

15.2 59.7 

| 44.6 21.1 21.1 47.3 

A-7 21.4 26.8 17.4 80.8 

37.8 33.6 | 26.4 69.8 

10.5 4.6 | 4.6 43.7 

40.9 27.8 | 23.9 58 4 

44 () | 26.8 26.8 60.8 

| 830.5 20.1 13.9 46.7 

30.3 25.6 | 13.4 44 2 

31.0 34.7 | 28 3 91.2 


Keach entry represents a 6 day period. In six control experiments on 
Dog A-7 and four on Dog 23-6 the average weight of the ether-soluble, 
petroleum ether-insoluble fractions was 2.2 gm. No azelaie acid could be 
isolated. 

* Ether-soluble, petroleum ether-insoluble fraction. 

+ Purified azelaic acid. 


not absolutely correct, as a rule it varied only a degree or so from 
the correct value (107°), and when mixed with pure azelaic acid, 
the depression in melting point was never greater than a degree. 


. 
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SUMMARY 


Azelaic acid, a dibasic acid formed by zn vitro oxidation of the 
majority of naturally occurring unsaturated fatty acids, was fed 
to dogs in amounts smaller than would be produced normally in 
the body if oxidation took place at the unsaturated linkages. It 
was found to be but little utilized by the animals; an average of 
60 per cent of the ingested acid was recovered from the urine. 
The acid was not excreted in the feces. 
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SERINEPHOSPHORIC ACID OBTAINED ON HYDROLY- 
SIS OF VITELLINIC ACID. II 


By P. A. LEVENE anp A. SCHORMULLER 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, October 21, 1933) 


The study undertaken in this laboratory of the so called phos- 
phopeptones of vitellin and of casein had for its object a more 
comprehensive aim than the mere isolation of the amino acid 
combined with the phosphoric acid residue. Our aim was to study 
the amino acids which grouped around the phosphoric acid ester, 
since in different phosphoproteins these groups might have a 
different composition. There was reason to believe that such was 
the case inasmuch as vitellinic acid, which may be regarded as the 
prosthetic group of vitellin, contains a very large proportion of 
basic components and apparently none at all or a very small pro- 
portion of dicarboxylic acids (Posternak and Posternak,! Lipmann 
and Levene?); whereas casein peptone, having a ratio of N:P 
identical with that of vitellinic acid, contains a large proportion of 
dicarboxylic acids (Rimington*). It seemed possible that the 
stability of the phosphopolypeptides in each case was due to the 
presence of the phosphoric acid residue in one or more of the 
amino acids composing the polypeptide. On the basis of this con- 
sideration it seemed reasonable to expect that on phosphorylation 
all proteins would behave similarly to the natural phosphoproteins 
and hence by the aid of phosphorylation it was expected to obtain 
information as to the amino acids which, in different proteins, 
group around the hydroxy acids. 

In the case of casein, Schmidt, and Levene and Hill5 have 


1 Posternak, 8., and Posternak, T., Compt. rend. Acad., 184, 909 (1927); 
187, 313 (1928). 

* Lipmann, IF. A., and Levene, P. A., J. Biol. Chem., 98, 109 (1932). 

’ Rimington, C., Biochem. J., 21, 272, 1179 (1927). 

*Schmidt, G., Sunti comunicaz. scient., XIV cong. internaz. fisiol., 
Rome, 228 (1932). 

6 Levene, P. A., and Hill, D. W., J. Biol. Chem., 101, 711 (1933). 
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demonstrated that the amino acid immediately connected with 
serinephosphorie acid is glutamic acid. The product of hydrolysis 
of vitellinic acid by means of 2 N hydrochloric acid had the same 
composition as that of casein peptone as far as the ratio of N:P 
was concerned, this being 1.3 to 1.5 in each case. The substance 
with the ratio of 1.0 described by Lipmann and Levene has now 
been obtained on further hydrolysis of the product with the higher 
N:P ratio. It seemed, therefore, that the product of the first 
hydrolysis would yield a phosphodipeptide in the case of vitellinic 
acid by the method of fractionation of the brucine salts, as in the 
case of casein peptone. This expectation, however, was not 
realized inasmuch as, in the case of vitellinic acid, serinephos- 
phoric acid was the only product which could be isolated in pure 
state from the brucine salts of the product of the first hydrolysis. 
‘T'wo crystallizations of the crude brucine salts from methanol led 
to the pure product. 

It was subsequently found that a practically pure barium salt of 
serinephosphorie acid could be obtained directly from the product 
of the first hydrolysis of vitellinic acid by causing the salt to settle 
out from its aqueous solution by bringing the solution to a boil and | 
filtering the precipitate while hot. This salt could be purified by 
redissolving in cold water and repeating the above procedure. 
Irom the viewpoint of yield, however, it was found more advan- 
tageous to use a combined method; namely, separating the barium 
salt of the phosphoserine from the crude products by boiling of the 
aqueous solution, converting the salt obtained in this manner into 
the brucine salt, and reconverting this into the barium salt. 

By this method a sufficient quantity of material became avail- 
able to permit the isolation of serine from the product of hydrolysis 
of the barium salts. This amino acid was obtained in analytically 
pure state on first crystallization. Bearing in mind that serine 
is one of the most soluble amino acids, it is justified to conclude 
that no other amino acid was present among the products of hy- 
drolysis of the barium salt. 


CONCLUSIONS 


1. Definite proof is furnished for the conclusion that the sub- 
stance described by Lipmann and Levene is the barium salt of 
phosphoserine. 
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2. It was shown that from vitellinie acid under milder conditions 
of hydrolysis a phosphoric ester of serine is obtained, whereas 
from casein under more rigorous treatment a phosphorie ester of 2 
dipeptide composed of serine and glutamic acid is obtained. 

3. The latter circumstance leads to the further conclusion that in 
vitellin the serinephosphorie acid is not linked to one of the di- 
carboxylic amino acids. 


EXPERIMENTAL 
Isolation of d-Serinephosphoric Acid 


First Method-—The hydrolysis of vitellinie acid was carried 
out under the conditions described by Lipmann and Levene; 
namely, by heating a suspension of the substance in 10 volumes of 
2n hydrochlorie acid for 10 hours on the boiling water bath under 
reflux. The solution was cooled, made faintly alkaline to phe- 
nolphthalein, and filtered. 

The filtrate was rendered exactly neutral by the addition of 
sulfurie acid and again filtered. This filtrate was then concen- 
trated under reduced pressure to a small volume (30.0 gm. of 
vitellinie acid to a volume of 200 ce.) and an equal volume of 98 
per cent alcohol added. The precipitate thus formed was cen- 
trifuged and washed repeatedly with 50 per cent alcohol until the 
wash solution contained only a trace of barium chloride. The 
precipitate was dissolved in cold water (hot water should not be 
used) and reprecipitated with an equal volume of 98 per cent alco- 
hol. After a few washings the precipitate was generally free of 
barium chloride and contained no inorganic phosphates. This 
precipitate was again dissolved in cold water, the barium ions were 
removed quantitatively by means of sulfuric acid, and the filtrate 
was rendered faintly alkaline by means of a methyl] alcoholic solu- 
tion of brucine. The excess of brucine was removed by shaking the 
solution with chloroform and the aqueous solution was concen- 
trated to dryness under reduced pressure. ‘The residue was dis- 
solved in the minimum quantity of boiling methanol. On cooling, 
a crystalline deposit was formed. The mother liquor concentrated 
to dryness formed a small second deposit (Fraction II) of crystals 
heavier than those of the first deposit (Fraction 1). The two 
substances differed in their melting points and in the respective 
ratios of N:P. 
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The yield from 60 gm. of vitellinic acid was 60 gm. of brucine 
salt of Fraction I and 9.0 gm. of Fraction IT. 

Each fraction was twice recrystallized from methanol. ‘There 
was no significant change in the melting points, the substance of 
Fraction I having a melting point of 98° (decomposing at 105°) 
and the substance of Fraction II having a melting point of 120° 
(decomposing at 130°). 

The composition of the substance of Fraction I was approxi- 
mately that of the dibrucine salt of serinephosphoric acid. 


4.915 mg. substance: 0.305 cc. N2 at 24.5° and 755 mm. 


3.445 “ ses : 7.515 mg. (NH,4)3PO,4, 14 MoO; 
CssHeoNsOusP. Calculated. N 6.27, P 2.77 
Found. “ 7.07, “ 3.22 


The composition of the substance of Fraction II was not much 
different from that of Fraction I. On conversion into the barium 
salt, however, it was found to consist of a mixture of substances 
with the average content of N, 6.63 per cent and of P, 3.27 per 
cent. 

For conversion into the barium salts the brucine salts were dis- 
solved in cold water and a cold aqueous solution of barium hy- 
droxide was added so long as a precipitate of brucine continued 
toform. The precipitated brucine was removed by filtration and 
the traces remaining in solution were removed by extraction with 
chloroform. The remaining aqueous solution was rendered 
exactly neutral by addition of sulfuric acid, and the barium sul- 
fate was removed by filtration. The filtrate was concentrated 
to a very small volume and the barium salt precipitated by means 
of an equal volume of 98 per cent alcohol. 

The composition of the barium salt of Fraction I was as follows: 


6.710 mg. substance: 2.583 mg. CO, and 1.365 mg. H.O 
9.400 “ - : 0.308 ec. Ne at 27° and 758.5 mm. 
4.549 “ : 27.800 mg. (NH,4):PO,4, 14 MoO; 
28.905 : 19.950 “ BaSO, 
C;H,OsNPBa. Calculated. C 11.2, H 1.82, N 4.36, P 9.65, Ba 42.7 
Found. “ 10.5, “ 2.27, “ 4.12, “ 8.98, “ 40.60 


Second Method—The crude barium salts were dissolved in a 
small volume of cold water with the aid of a very little acetic acid. 
The solution was then rendered neutral with aqueous ammonia, 
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. filtered, and the filtrate brought toa boil. At this point an amor- 
phous white precipitate formed which was filtered off while hot. 
The precipitate was washed with small portions of boiling water 
and then with aleohol of increasing concentration, beginning with 
50 per cent alcohol. 

Dried to constant weight, the substance had the following com- 
position. 


9.293 mg. substance: 0.335 ec. Ne at 35° and 754 mm. 


4.595 : 25.185 mg. (NH4)sPO,., 14 MoO; 
C;HeOs.NPBa. Calculated. N 4.36, P 9.65, N:P 1.0 


Following this experience, the method adopted for the prepara- 
tion of d-serinephosphorie acid was modified in the following way. 

The crude phosphates still containing traces of barium chloride 
were taken up in a small volume of boiling water and the mixture 
kept boiling with stirring for 10 minutes. The insoluble frac- 
tion was removed by filtration and, on addition of an equal volume 
of 98 per cent aleohol to the filtrate, a second precipitate formed. 
This precipitate, which still contained a small proportion of barium 
chloride, was freed from the latter by the procedure given above. 
l'rom 60 gm. of vitellinie acid there were obtained 11.0 gm. of the 
heat-insoluble fraction and 3.5 gm. of the second fraction. The 
heat-insoluble fraction was then dissolved in cold water and the 
brucine salts prepared as given above. 


Hydrolysis of the Barium Salt of d-Serinephosphoric Acid 


7.0 gm. of the barium salt were dissolved in cold water and the 
barium ions removed quantitatively by means of sulfuric acid. 
Sufficient hydrochloric acid was added to make the total concen- 
tration of this acid 20 per cent and the total volume 200 ce. The 
solution was boiled under reflux for 24 hours, after which the 
chloride ions were removed by means of silver sulfate. The fil- 
trate from silver chloride was treated with hydrogen sulfide. The 
sulfuric and phosphoric acids were then removed by an excess of 
barium hydroxide, and the excess of barium hydrexide by means of 
sulfuric acid. The solution was then concentrated to dryness. 
The residue was taken up in a little hot water. On cooling there 
was formed a erystalline deposit consisting of heavy prisms. The 
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yield was 0.350 gm. On addition of an equal volume of 98 per 
cent alcohol a second crop of 0.350 gm. was obtained from the 
mother liquor. 

The composition of the substance was as follows: 


4.798 mg. substance: 6.060 mg. CO, and 2.870 mg. HO 


5.676 “ os : 0.664 ec. Ne at 32° and 759 mm. 
C;H;O;N. Calculated. C 34.28, H 6.73, N 13.33 
Found. “ 34.54, “ 6.70, “ 13.08 


The rotation of the substance was 


—0.58° & 100 
— = —14,5° 
4x 


= 


The filtrate from the second precipitate gave a very small third 
fraction which was not further analyzed. Thus, the total yield 
was about 0.800 em. or about 50 per cent of the theoretical. 
Decomposition of the serine to pyruvie acid is undoubtedly re- 
sponsible for a considerable part of the loss. 
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COMPLEX COMPOUNDS FORMED BY CERTAIN AMINO 
ACIDS IN THE PRESENCE OF MERCURIC 
CHLORIDE AND ALKALI* 


By HUBERT BRADFORD VICKERY ann WILLIAM G. GORDON 


(From the Biochemical Laboratory of the Connecticut Agricullural Experiment 
Station and the Department of Physiological Chemistry, Yale University, 
New Haven) 


(Received for publication, October 18, 1933) 


Winterstein (1) in 1905 found that lysine is quantitatively pre- 
cipitated, in the presence of an excess of mercuric chloride, by the 
addition to alkaline reaction of barium hydroxide. In the course 
of some experiments designed to test the specificity of this method 
of precipitation, it was observed (2) that glycine, phenylalanine, 
tyrosine, cystine, glutamic acid, and aspartic acid are almost 
quantitatively precipitated when a faintly alkaline reaction is 
produced by the addition of barium hydroxide to a solution that 
contains the amino acid together with an excess (two molar pro- 
portions) of mercuric chloride. On the other hand alanine and 
leucine yield little or no precipitate under these conditions. These 
results.suggested that the separation of glycine from alanine, and 
of phenylalanine from leucine, might be effected if the proper 
conditions for the precipitation were ascertained. 

We have now investigated the conditions under which insoluble 
mercuric chloride complex compounds of several amino acids are 
formed. If barium hydroxide is added to a reaction of pH 9.8 
to an aqueous solution that contains glycine and mercuric chloride 
in the molar ratio of 1:1.5, complete precipitation of the amino 
acid takes place. Under otherwise similar circumstances phenyl- 
alanine is almost completely precipitated at pH 8.5.!. Lysine and 


* The data in this paper are taken from the dissertation presented by 
W. G. Gordon in partial fulfilment of the requirement for the degree of 
Doctor of Philosophy, Yale University, 1933. A part of the expense of this 
investigation was borne by the Carnegie Institution of Washington. 

! We have been informed by Dr. H. M. Vars that methionine is quantita- 
tively precipitated under similar conditions. 
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glutamic acid require the presence of two molar proportions of 
mercuric chloride to one of amino acid, the most favorable reac- 
tions for precipitation being pH 9.3 and 9.8 respectively. 

Alanine and leucine are not precipitated under the conditions 
that are effective for glycine, but, if an equal volume of alcohol is 
added to the aqueous solution before completing the adjustment of 
the reaction, both are thrown down, the alanine nearly quanti- 
tatively, the leucine to the extent of at least 70 per cent. 

Neither glycine nor alanine is precipitated from aqueous solu- 
tion, in the presence of one and one-half molar proportions of 


TABLE I 
Conditions for Precipitation of Certain Amino Acids by Means of Mercuric 
Chloride and Alkali 


Amino acid HgCl, Alkali Reaction Aleohol 

M proportions pH vols, 
1.5 Ba(OH),. 9.8 0 
1.5 LiOH 9.8 
1.5 NaOH 9.8 2 
Phenylalanine........ 1.5 Ba(OH)>» 8.5 0 

2 9.3 0 
Glutamie acid........ 2 " 9.8 0 


* The yield of the glycine-lithium complex was not large. 
t Approximately 85 per cent of the alanine was precipitated. 
t Approximately 70 per cent of the leucine was precipitated. 


mercuric chloride, if sodium hydroxide is substituted for barium 
hydroxide; but satisfactory yields of the sodium-mercuric chloride 
complex compounds of these amino acids are obtained if 2 volumes 
of aleohol are present when the proper alkaline reaction is at- 
tained. Lithium hydroxide can also be employed for the precipi- 
tation of glycine in a similar manner, but the yield is not large. 
The best conditions for the precipitation of each complex were 
ascertained from experiments in which graduated quantities of 
alkali were added to the mixture of amino acid with various pro- 
portions of mercuric chloride. Nitrogen was determined in the 
centrifuged precipitate, and the reaction of the filtrate was esti- 
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mated by means of indicators. Table I shows the conditions under 
which the most satisfactory precipitations of the amino acids 
tested were obtained. 

In order to prepare samples of the precipitates for analysis, 
weighed portions of the amino acids (2 to 3 gm.) were separately 
dissolved in the necessary amount of water, and mercuric chloride 
in 0.1 mM solution was added until one and one-half molar propor- 
tions (for lysine and glutamic acid two molar proportions), calcu- 
lated from the weight of the sample, were present. The mixture 
was then adjusted to the proper reaction, as determined from the 
preliminary trials, with 0.29 N barium hydroxide, the precipitate 


TABLE II 


Composition in Terms of Atomic Ratios of Precipitates That Contain 
Complex Mercuric Chloride Compounds of Amino Acids 


The atomic ratio of nitrogen is taken arbitrarily as 2. 


Mercury Chlorine Alkali 

3.10 1.24 0.44 

“  phenylaianine............. 3.02 1.66 0.44 

3.36 1.05 1.30 


was centrifuged at room temperature, washed at least three times 
with liberal amounts of water, and then with graded strengths of 
alcohol, finally with absolute alcohol, and with ether. The prod- 
ucts were dried zn vacuo over sulfuric acid to constant weight. 
Several preparations of each complex were made. 

The procedure, in the case of the complexes that required pre- 
cipitation with alcohol, was similar, save that aleohol was added 
before completing the adjustment of the reaction and the initial 
washings were conducted with aleohol of the same strength as 
that employed for the precipitation. 

Analyses of the various precipitates studied are shown in Table 
I]. The averaged results from all preparations are calculated, for 
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the sake of brevity, in terms of atomic ratios, the ratio for nitrogen 
being arbitrarily taken as equal to 2. It is clear that, with the 
exception of the lysine complex, the preparations contain approxi- 
mately 3 atoms of mercury to 2 of nitrogen. The sodium and 
lithium complexes of glycine and the sodium complex of alanine 
contain approximately 1 atom each of chlorine and of alkali to 2 
atoms of nitrogen. The barium complexes all contain chlorine 
and barium, but the ratio of these elements to the mereury and 
nitrogen cannot be formulated simply; nevertheless, in all save 
the compound of glutamic acid, the ratio of chlorine to barium 
closely approximates the integers 2, 3, or 4. 

The lysine complex differed in composition and behavior from 
any of the others. It contained mercury, nitrogen, and chlorine 
in the atomic ratios 4:4:3. When prepared by precipitation at 
pH 9.3 with barium hydroxide, one thoroughly washed specimen 
contained less than 0.5 per cent, or 0.02 atomic equivalent, of 
barium. Another specimen that had been washed even more 
carefully contained none. The lysine complex was precipitated 
equally well when sodium hydroxide was used. The alkali em- 
ployed for the precipitation apparently forms no part of the lysine- 
mercuric chloride complex, and it is therefore probable that the 
constitution of this substance is different from that of the others. 

Although it is unlikely that these preparations represent homo- 
geneous substances, they are to a considerable extent reproducible. 
Seven separate preparations of the barium-glycine complex con- 
tained between 3.10 and 3.20 per cent of nitrogen, and 69.1 and 
71.3 per cent of mercury. 

We refrain at this time from speculation on the chemical con- 
stitution of these complex compounds. The presence of at least 
0.5 equivalent of alkali to each 2 atoms of nitrogen in all except the 
lysine complex is extremely interesting. The conclusion that the 
alkali is chemically bound in the complex, rather than being pres- 
ent in the form of admixed alkali chloride, seems inescapable from 
:. consideration of the careful washing to which the precipitates 
were subjected, and of the negligible proportion of alkali in the 
lysine complex. Especial pains were taken with the glycine- 
lithium-mercuric chloride complex. The solubility of lithium 
chloride in aleohol is such that little or none of it could have 
remained admixed with the preparation. 
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Attempts to employ these mercuric chloride complex compounds 
for the separation of certain amino acid mixtures that are en- 
countered in practical work were not successful. Particular at- 
tention was paid to mixtures of glycine with alanine and of phenyl- 
alanine with leucine. In each case co-precipitation of the second 
amino acid occurred; thus a mixture of 0.5 mole each of glycine 
and alanine together with 1.5 moles of mercuric chloride yielded 
i. precipitate, when brought to pH 9.8 with barium hydroxide, 
that contained 85 per cent of all the nitrogen present. Analogous 
experiments with mixtures of phenylalanine and leucine showed 
that, under the conditions best adapted to the precipitation of 
phenylalanine, from 50 to 60 per cent of the leucine was thrown 
down along with 80 per cent of the phenylalanine. The colori- 
metric method of Kapeller-Adler (3) was employed to determine 
phenylalanine in these precipitates. 


SUMMARY 


Precipitates that contain mercuric chloride complex compounds 
of the amino acids glycine, alanine, leucine, phenylalanine, glutamic 
acid, and lysine have been obtained by adding the correct amount 
of alkali to a solution of the amino acid together with one and one- 
half or, in the case of the last two substances, with two molar propor- 
tions of mercurie chloride. In some cases the further addition of 
aleohol is required. These precipitates, except that obtained from 
lysine, contain mercury and nitrogen in the ratio of 3 to 2 atoms. 
In addition they contain chlorine and the base employed for the 
precipitation, in certain cases also in integral atomic ratios. It is 
improbable that the base is in the form of admixed alkali chloride. 

The lysine precipitate contained mercury, nitrogen, and chlorine 
in the atomic ratio 4:4:3, but contained no alkaline base. 

The application of the solubility relations of these compounds 
to the separation of glycine from alanine and of phenylalanine 
from leucine has been tested, but suecessful separations could 
not be effected. 
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THE SOLUBILITIES OF CERTAIN AMINO ACIDS IN WATER, 
THE DENSITIES OF THEIR SOLUTIONS AT TWENTY- 
FIVE DEGREES, AND THE CALCULATED HEATS OF 
SOLUTION AND PARTIAL MOLAL VOLUMES* 


By JOHN B. DALTON ano CARL L. A. SCHMIDT 


(From the Division of Biochemistry, University of California Medical School, 
Berkeley) 


(Received for publication, June 13, 1933) 


It is a striking fact that, although the properties of the amino 
acids have been studied from many standpoints, v7z. nutritional, 
optical, and physicochemical, data on two of the most fundamental 
properties of their aqueous solutions are fragmentary. The more 
important of these properties is that of solubility in water and the 
effect of temperature thereon, and the other is that of the densities 
of their solutions. The data which have been obtained have in- 
cidentally permitted the calculation of such quantities as heat of 
solution and molecular volume. ‘These relationships have also 
furnished some clue as to the state of the racemic material. 

It is unfortunate that two terminologies have been used in 
expressing concentration values; namely, one in gm. or in moles 
per liter of solution, and the other in gm. or moles per 1000 gm. of 
solvent. One objection to the first method of expression is that 
the concentration is not the same at all temperatures. The 
volume of the solution may change with the temperature, but the 
amount of solute remains constant. Another objection is that on 
dilution the concentration change is not necessarily proportional 
to the volume change due to changes in the partial molal volumes 
of the constituents. In order to obviate these difficulties, the 
measurements reported here have been expressed in moles or gm. 
per 1000 em. of water. Density measurements at 25° which were 
carried out on solutions of the amino acids will facilitate the con- 
version of one method of expressing concentration into the other. 


* Aided by grants from The Chemical Foundation, Inc., and the Re- 
search Board of the University of California. 
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In general, the solubilities of the dl forms of the amino acids 
reported in the literature are reasonably concordant and checked 
roughly with the data obtained in this investigation. This is 
probably due to the fact that the racemic amino acids ean be pre- 
pared synthetically quite free from contaminants. 

The solubility data of the optically active materials are, how- 
ever, very discordant. The difficulty probably arose from several 
sources. First, the compounds may have been slightly contami- 
nated with neutral salts. The work of Pfeiffer and Wirgler (1), 
Pfeiffer and Angern (2), von Kuler and Rudberg (3), and others 
(4) has shown that the solubilities of amino acids are affected by 
the presence of neutral salts. 

Another difficulty is probably due to contamination with other 
sunino acids during the process of isolation. Thus Bayliss (5) 
has shown that the solubility of /-aspartic acid in a 1.25 per cent 
solution of /-leucine is 30 times that in pure water. The effect of 
one amino acid on the solubility of the other is a common phenome- 
non observed during isolation procedures when mixtures of quite 
insoluble amino acids are concentrated to a thick syrup before any 
evidence of crystallization is noted. This factor is also evident in 
the experimental work dealing with the separation of the isomeric 
leucines. In fact it has been so difficult to isolate d-norleucine 
that its presence in protein hydrolysates has only recently been 
established (6-10). On the other hand, von Euler and Rudberg 
(3) found that‘in a solution saturated with respect to both dl- 
leucine and /-tyrosine the solubilities of both amino acids were less 
than when each was dissolved alone in pure water. 

The third difficulty is that of partial racemization which proba- 
bly oceurs during the hydrolysis of the protein from which the 
amino acids are obtained. As Pellini and Coppola (11) have 
shown, the solubility of a mixture of d-alanine and dl-alanine is 
greater than either one of the two separately. Bayliss (5) ad- 
mitted his d-glutamie acid was partially racemized. His solubility 
value is greater than that interpolated from the present data. In 
some instances the difficulty may be attributed to the inadequacy 
of the analytical methods employed for the estimation of the amino 
acids. 

The determinations herein reported were undertaken with a 
view of obtaining accurate solubility and density data on carefully 
purified amino acids under well controlled experimental conditions. 
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The experimental technique used to carry out solubility and 
density determinations is so well known that a detailed description 
here is unnecessary. It suffices to state that the weights, volumet- 
ric glassware, and thermometers were carefully calibrated against 
known standards. The solubilities of the amino acids were 
determined by permitting a supersaturated solution and an under- 
saturated solution in the presence of an excess of the particular 
amino acid to come to equilibrium by shaking the mixture in an 
inverted Pyrex glass T-tube having closed ends and of about 100 
ec. capacity, at the desired temperature. Filtration was accom- 
plished by the use of filters so devised that air under a pressure of 
150 mm. of mercury was applied to the solution so that the liquid 
was forced through a filter of cotton and asbestos and into a 
weighing bottle. In this way evaporation losses were kept at a 
minimum, and as the filtration was rapid, there was little or no 
crystallization before the solution reached the weighing bottle. 
In the case of l-aspartic acid, d-glutamic acid, and [-tyrosine, the 
solubilities were determined by estimating the nitrogen content of 
the solution by the micro-Kjeldahl procedure of Parnas and 
Wagner (12). For higher solubilities the estimation was based on 
the weight of the residue when dried at 95-97°. In the case of 
dl-glutamic acid the residue was dried at 60° to prevent the forma- 
tion of pyrrolidone-a-carboxylic acid. The solubility of diiodo- 
l-tyrosine was determined by estimating the amount of iodine 
present in the solution according to the procedure of Kelly and 
Husband (13). 

The purity of the materials used is all-important in solubility 
work. ‘The amino acids were decolorized by treating the solutions 
with purified decolorizing carbon. They were twice recrystallized 
from hot distilled water and once from conductivity water. The 
products were then dried 7n vacuo at 37° and finally at 95°. 

In general, several criteria of purity were required of the amino 
acid under investigation. First, it must give a negative reaction 
for the ammonium ion—a common contaminant—when tested 
with Nessler’s reagent. Second, its nitrogen content must agree 
with the theoretical value within the limits of the errors of the 
determination. Third, in the case of the optically active amino 
acids, its degree of rotation must agree reasonably well with the 
values quoted in the literature. This is very important and for 
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that reason, under each optically active amino acid, the rotation 
found, together with that given by other workers, is given. 
Fourth, particularly in the case of /-leucine, which can always be 
suspected of being contaminated with amino acids of the same 
molecular weight, it must show the same solubility when a small 
excess of the solid phase is added as when a large excess is present. 
Also, after further recrystallization, the solubility of the amino 
acid must be the same as before. 

The thermodynamic nomenclature used in this paper, unless 
otherwise stated, is the same as given by Lewis and Randall! (14). 
lor the sake of space economy, the complete solubility data relat- 
ing to the fifteen amino acids studied have not been presented, 
but rather equations in which the logarithms of the solubilities of 
the amino acids are expressed as functions of the temperature. 
These equations were developed by using the method of least 
squares as outlined by Lipka ((15) p. 127). When the relationship 
was not linear, the procedure indicated by the same author ((15) p. 
151) was followed with the exception that the method of least 
squares instead of the method of averages was employed to 
evaluate the points. It is probable that the calculated solubility 
values are more accurate than any single determined value since 
the former represent a mean of all of the values over the entire 
range of temperatures studied. 

In order to make the solubility data readily available, a table of 
solubilities has been included (see Table I) in which the solubilities 
of the amino acids have been calculated at 5° intervals. With the 
aid of Table I intermediate values may be readily obtained by 
interpolation. All of the solubility values are given in terms of 
gm. per 1000 gm. of solvent. In order that comparisons could be 
made, it was necessary in certain instances to recalculate the data 
given by others. This was done by the use of the density data 
obtained at 25°. For other temperatures, the corresponding 
density was calculated on the assumption that the density of the 


! The following is the nomenclature used throughout this paper. 1m, 
molality in moles per 1000 gm. of water; ;, number of moles of solvent; ., 
number of moles of solute; Ns, mole fraction of solute; S, solubility in 
gm. per 1000 gm. of water; »,, molal volume of solvent; #,, partial molal 
volume of solvent; d2, partial molal volume of solute; V, total volume; 
¢, apparent molal volume; y, activity coefficient; R, gas constant. 
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amino acid solution changed with temperature in the same way as 
water. In order to economize on space, these data have not been 
included. They are on file at the University of California library. 
For the calculation of heats of solution? of the amino acids, use 
was made of the well known van’t Hoff equation as modified by 
Schréder (21). According to the present nomenclature his equa- 

tion is 
N2/OT = AH/ RT? (1) 


This equation, however, applies only to perfect solutions. Since 
not all of the solutions of the amino acids are perfect solutions as 
shown by the freezing point measurements of Frankel (22), Lewis 
(23), Hoskins, Randall, and Sehmidt (24), and Cann (25), it was 
necessary to apply the relationships as formulated by Brénsted 
(26). His equations may be written 


oT om AT’ 


for un-ionized solutes, and 


folnm  oOlny dm 
for ionized solutes. In order to calculate the heat of solution of 
any particular amino acid, it is necessary to use the activity coeffi- 
cient. Consideration of this as well as the calculation of the heat 
of solution is given under each amino acid. 

The density data of the amino acid solutions are given in Tables 
[IV to VI. These data have enabled us to compute the partial 
molal volumes of the amino acids. For this purpose we have 
followed essentially the procedure given by Lewis and Randall ((14) 
p. 37) in which a term, ¢, is defined as the apparent volume occu- 
pied by 1 mole of the solute. This may be expressed as ¢ = 
(1 — nyvy) nm. If the weight of the water is 1000 gm., m7, 
becomes 1002.94 ec. at 25° and n. becomes the molality, m. 
Values for ¢ are obtained by dividing the sum of the weight of the 


2 For the development of the ideas which relate the heat of solution to 
the solubility see also Le Chatelier (16), Goldschmidt (17), Hildebrand (18). 
Lewis and Randall ((14) p. 229), Butler and Hiseocks (19), and Linder- 
strém-Lang (20). 
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solvent, 1000 gm., and the weight of the solute that it contains by 
the density. If ¢ is plotted against log m, the slope of the curve 
may be designated as s. This value s is divided by 2.303 and to 
the quotient is added the corresponding value of ¢ at that point. 
This sum can be demonstrated to be equal to the partial molal 
volume of the solute, %. Now it is known ((14) p. 42) that Vo = 
+ Node. Then since ds, m2, and are also known, and since V 
ean be calculated from the weight of a solution and its density, 
then 0;, the partial molal volume of the solvent, can be calculated. 

The values for the partial molal volumes of the amino acids so 
obtained can be compared with the apparent molal volumes ealcu- 
lated from the empirical atomie volumes given by Traube (27). 
The ‘‘molekulares Lésungsvolumen” computed from his figures 
refer to the apparent molal volume, yg, rather than to the true 
partial molal volume, 7. Since in the present case the two are 
only slightly different, a rough comparison can be made between 
the calculated and observed values. Traube’s data were com- 
puted for 15°. Sinee his values have an insignificant temperature 
coefficient, the assumption has been made that the values caleu- 
lated for 15° hold also for 25°. The following volumes occupied by 
the amino acids studied were calculated: alanine, 58.8 ec.; aspartie 
acid, 74.7 ec.; glycine, 42.7 cc.; glutamie acid, 90.8 ee.; leucine and 
its isomers, 107.1 ecec.; valine, 91.1 ece.; phenylalanine, 68.9 and 
130.6 ec. The value of 130.6 e¢c.. which was computed for phenyl- 
alanine, was obtained by assuming that the earbon and hydrogen 
atoms maintained their usual volumes. Traube (27) noted the 
fact that the ealeulated molar volumes of certain organic e¢om- 
pounds in aqueous solutions are in general at least 12 ee. per mole 
less than the observed values. Cohn and his coworkers (28) have 
found that the observed molar volumes of glycine, alanine, valine, 
and Jeucine agree well with those which they caleulated from 
Traube’s empirical volumes. Our data harmonize with those pub- 
lished by Cohn and his coworkers. The tighter packing of the 
amino acids is believed by them to depend upon electrostrietion 
of solvent molecules due to the gwitter tons. 


Discussion of Solubility and Density Duta 


d-Alanine— Vhe only data dealing with the solubility of this 
amino acid were obtained by Pellini and Coppola (11). The 
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specific rotatory power of the hydrochloride dissolved in water 
was reported by them as [a]?? = +10.3°. This agrees well with 
(a]?? = + 10.2° found for the hydrochloride of the present material, 
and with [a]*? = +10.1° reported by Huffman and Borsook (29). 
The present series of solubility determinations were carried out at 
nine different temperatures between 0-65°. <A total of eighteen 
determinations was made. 

The following equations, which may be used for both practical 
as well as theoretical purposes, express the solubility relationships 
for d-alanine as a function of the temperature.* Coefficients for 
equations of a similar type expressing the corresponding relation- 
ships, together with the maximum deviation from the equations, 
for this and for certain other amino acids are summarized in Table 
II. The equations for alanine are: 

log S = 2.1048 + 0.004669 / 
log m = 0.1551 + 0.004669 ¢ 
Inm = —2.5792 + 0.01075 T 


In Ve = —6.5150 + 0.01037 7 


The present data for d-alanine fit these expressions very closely, 
the maximum deviation of the observed figures from those caleu- 
lated from the equations being of the order of +0.5 per cent. The 
values found by Pellini and Coppola (11) for d-alanine are between 
0.6 and 2.0 per cent higher than those reported in this paper. 

According to Friinkel (22), the freezing point lowering, and 
hence the activity coefficients, for d-alanine were found to be 
normal up to concentrations of 1.512 mM. It has been assumed in 
the present caleulations that this relationship holds at higher con- 
centrations. The differential heat of solution of d-alanine in a 
saturated solution was then computed directly from Equation 1. 
From the appropriate solubility equation given above is obtained 
the equation 0 In N./O7’ = 0.01037, and at 25°, AHoss = 1830 
calories per mole. 

The data may be presented in graphical form by plotting In NV, against 
either Jor1/7T.) We prefer the former for the sake of simplicity since seven 
amino acids (dl-alanine, d-alanine, l-aspartic acid, dl-glutamic and 
glutamic acid, /-tyrosine, and diiodo-dl-tyrosine) when plotted in this way 
give straight lines rather than curves. The method of plotting —R In N, 
against 1 7 is theoretically preferable since the slope of the line is directly 
equal to the differential heat of solution. For the sake of space economy, 
the curves have not been included in this paper. 
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Solubilities of Amino Acids 
According to the theory underlying the fundamental relation- 
ship, the melting point of d-alanine should be that temperature :t 
which VV, = 1. This temperature computed from the appropriate 
equation above proved to be approximately 355°. As the decom- 
position point recorded by Fischer (80) for this compound was 
TABLE 


Density of Aqueous Solutions of Certain Amino Acids at 235° 


d-Alariine d/-Alanine 
per cent | | per cent | 
167.97 1.8858 | 1.04367 15.005 | 176.54 1.9820 104571 
11.975 136.02 1.5271) 1.03582 13-536 | 1.7576 1 04094 
10.2300 114.00 | 1.2799 1.03010 13.096 | 150.69 | 1.6918 1.03950 
8.200 89.61 1.0061 1.02360 | 12.035 | 136.81 | 1.5360 1.03596 
7.370 79 58 0.8934 | 1.02082 16.643 119.10 1.3371 1.03148 
6.456 | 68.94 0.7741 1.01785 | 9.194 101.21 | 1.1363 | 1.02677 
5.259 | 55.47 | 0.6228 | 1.01398 | 7.363 | 79.48 | 0.8925 | 1.02084 
4.353 | 45.45 | 0.5099 | 1.01102 | 5.725 | 60.73 | 0.6819 | 1.01553 
2.928 30.08 | 0.3377 | 1.00643 | 4.128 | 43.06 | 0.4835 | 1.01035 
1.753 | 17.84 | 0.2003 | 1.00266 | 2.565 | 26.32 | 0.2955 1.00529 
0.891 8.99 | 6.1009 | 0.99990 | 1.150 | 11.64 | 0.1307 | 1.00074 
di-Naline | 
7.389 | 79.78 | 0.6814 | 1.01387 | | 
5.386 56.93 | 0.4862 | 1.00927 | | 
4.663 48.91 | 0.4177 | 1.00761 | | | 
3.883 | 40.39 | 0.3450 | 1.00586 | | 
3.806 | 39.59 | 0.3381 | 1.00570 | | 
3.104 | 32.04 0 2736 | 1.00406 | | 
2.501 | 25.65 | 0.2191 | 1.00270 | | 
1.351 13.69 | 0.1169 | 1.00006 | | | 


* In Tables III, V, and VI the concentration is given as gm. per 1000 gin. 
of water. om is given as moles per 1000 gm. of water. d is the absolute 


density. 
297°, it is considered probable that decomposition occurred before 
the melting point was reached. 

The densities of a series of aqueous solutions of d-alanine and 
the ealeulated partial molal volumes are given in Tables IIT and 
IV. The values agree roughly with 58.8 ec. calculated according 


to Traube (27). 
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dl-Alanine— Eighteen solubility measurements on dl-alanine 
were carried out at nine different temperatures between 0-—60°. 
Considerable difficulty was encountered in measuring the solubility 
at lower temperatures due to the tendency of the amino acid to 
At 0° samples taken up to 85 hours of shaking 


The value finally obtained 
With 


supersaturate. 
showed a successive drop in solubility. 
was neglected in the calculation of the solubility equations. 


TABLE IV 


Partial Molal Volumes of Solvent, 6,, and of Solute, o., for Solutions of 
d-Alanine, dl-Alanine, and Glycine et 25° 


m* 


d-Alanine 


dl-\lanine 


Cilyeine 


ry 

0.126 18.069 60.89 18.069 60.84 | 

0.200 18.069 60.89 18.069 60.85 18.069 43.77 
0.400 | 18.068 61.02 18.069 60.95 18.069 43.88 
0.600 | 18.067 | 61.12 18 067 61.16 18.066 44.17 
0.800 | 18.064 | 61.40 18.064 61.41 18.061 44.56 
1.000 18.061 61.63 18.060 61.68 18 057 44 82 
1.200 18.057 61.86 18.054 61.91 18.052 45.05 
1.400 18.055 62.03 18.051 62.09 18 048 45.26 
1.600 18 048 62.13 18.048 62.21 18 042 45.48 
1.800 18.041 62.22 18.044 62.32 18.036 45.72 
2.000 18.040 62.29 18.041 62.40 18 024 45.99 
2.200 18 014 46.28 
2.400 18.005 46.49 
2.600 17.997 46.69 
2.800 17.989 | 46.86 
3.000 17.982. 46.99 
3 200 17.973 | 47.12 
3.400 | 17.965 47.21 


* im = moles per 1000 gm. of water. 


the exception of the measurement at 0°, the maximum deviation 
of the observed values from those caleulated from the equation 
was found to be +1.2 per cent. Previous measurements by Pellini 
and Coppola (11) and by Holleman and Antusch (31) agree to 
within 1.5 per cent of the figures interpolated from the present 
data. Cohn (4) and Pfeiffer and Angern (2) have reported their 
solubility values in terms of moles per liter. By assuming an 
uppropriate density for these solutions comparative figures were 


- 
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obtained. They are from 3.2 to 4.6 per cent lower than those 
found in the present investigation. 

dl-Alanine offers an excellent experimental verification of the 
relationship between the solubility and the differential heat of 
solution. Friankel (22) found that the freezing point lowering of 
this compound was normal up to a concentration of 1.680 Mm. 
Therefore Equation 1 was applied directly. 

From the equation, In N.y = —7.1317 + 0.01245 7, and with 
the aid of Equation 1 AH = 0.01245 RT”? is obtained. 

Baur (32) reported a value of 2020 calories for the heat of solu- 
tion of dl-alanine. The initial and final concentrations of the 
solute were not given and the temperature was merely described 
as room temperature. On the assumption that his temperature 
was 15°, on the basis of the present solubility measurements, 
Alles, = 2050 ealories. Unpublished calorimetric measurements 
by Mr. Zittle of this laboratory at 25° indicate that for the heat of 
solution of 1 mole of dl-alanine in its saturated solution A//o.5 = 
2140 + 30 ealories. On the basis of the present solubility meas- 
urements, AHogg = 2200 calories. The two values are in quite 
good agreement. 

A point of interest was noted relative to the melting point of dl- 
alanine. According to Schréder’s (21) theory, the temperature 
at which Ne = 1 is the melting point of the compound. From the 
appropriate equation this temperature was calculated to be 299° 
which is in close agreement with 297° reported by Dunn and Brophy. 
(33) and 295° found by Fischer and Leuchs (34) for the decompo- 
sition point. 

The only density value for an aqueous solution of dl-alanine at 
25° reported in the literature is that of Holleman and Antusch 
(31). Forasolution containing 1.849 moles of solute per 1000 gm. 
of water they reported a value of 1.0421. By use of linear interpo- 
lation between the appropriate concentrations in the present data 
(see Table III), a value of 1.0422 was obtained for a similar 
solution. 

The data presented in Table IV give the partial molal volumes 
of the solvent and of the solute. It will be noted that there is an 
approximate agreement between these figures and the value of 
O88 cc. computed from Traube’s atomic volumes. 

A comparison of the data for d/- and d-alanine shows that the 
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solubility of the d form is greater than that of the dl form at lower 
temperatures. The slope of the solubility curve and hence the 
heat of solution is much less for d- than for dl-alanine. The 
partial molal volumes of the two solutes are also different, although 
the difference is only slight. 

According to the rules which have been set down by Meyerhoffer 
(35), which are based on a comparison of the properties of various 
optically active compounds and their inactive isomers, on the basis 
of the present data dl-alanine is to be regarded as a racemic 
compound. This conclusion was also reached by Pellini and 
Coppola (11). 

Glycine— Despite the fact that glycine is perhaps the most easily 
obtained amino acid, the solubility data contained in the literature 
are of the most fragmentary type. The value reported by Lewis 
(23) agrees very well with the present data. Dehn (36) reported 
an irrational value of twice the amount found in the present in- 
vestigation. Values reported by Pfeiffer and Wiirgler (1), Pfeiffer 
and Angern (2), Cohn (4), Sano (37), and Ando (88) are from 2.4 
to 9.0 per cent lower than those reported in the present paper.‘ 

The equations which express the solubility relationships of 
glycine (see Table II) are based on a series of thirty solubility 
measurements at ten different temperatures over the range of 0- 
60°. 

There are three sources of cryoscopic data for the calculation of 
the activity coefficients of glycine. Those given by Lewis (23) 
are more self-consistent than those published by Frinkel (22) and 
by Cann (25). As these data indicate diverging values for the 
activity coefficients at higher concentrations, each set of data was — 
examined separately. The activity coefficients were calculated 
by the method indicated by Lewis and Randall ((14) p. 286). 
Cann (25) calculated the activity coefficients for glycine assuming 
that two ions were formed at infinite dilution. According to the 
zwitter ion theory this is correct. Nevertheless, one particle only 
is present which carries the two charges; and the osmotic effect 
therefrom is not that which would be expected from two ions but 


4 New solubility values found by E. J. Cohn and T. L. McMeekin check 
quite well with the values reported in this paper. Their values at 25° 
are: glycine, 249.9; dl-valine, 70.7; dl-leucine, 9.86; dl-norleucine, 11.5; 
and /-leucine, 24.7 gm. per 1000 gm. of water. Private communication. 
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only one. Cann’s (25) figures were therefore recalculated to 
conform with the convention that at infinite dilution glycine 
depresses the freezing point at the rate of 1.858 degrees per mole 
of solute. As there are no adequate thermal data regarding the 
relative heat contents, L; and [», for glycine solutions, no correc- 
tion could be made for the heat of dilution ((14) p. 288). Data 
published by Naudé (39) concerning the heats of dilution for 
various glycine solutions indicate the probability of a significant 
correction. It is doubtful, however, from the character of the 
measurements cited that the data warrant this refinement. 

Kimpirical equations were devised to express the logarithm of 
the activity coefficient as a function of the concentration.’ It was 
found that 


In > = —0.1814 In m — 0.2538 
In y = —0.1616 ln m — 0.2165 
In y = —0.0607 In m — 0.0396 


expressed Frinkel’s (22), Lewis’ (23), and Cann’s (25) data 
respectively. 
By modifying Equation 2 to 


m Oln 
AH = RT? {| — 1 “= 4 
( oT ) ( O In (4) 


the above equations, together with the solubility equation, can be 
differentiated and substituted directly. Thus, by use of Friinkel’s 
data, the equation for In m (Table II), and Equation 4 we obtain 
AH = RT? (7.676 XK 10 * — 1.895 & 10-4 T) (1 — 0.1814), and at 
25°, AHogs = 2930 calories per mole. Similarly from Lewis’ (23) 
data, AHfx,5, = 3010 calories per mole and from Cann’s (25) data 
AHe33 = 3370 calories per mole. As the above relations rigidly 
hold only in the neighborhood of the freezing point, these values 
may be somewhat in error.’ Since at higher temperatures the solu- 


®> In this and other equations which express the activity coefficient as a 
function of concentration, the equations were calculated and hold only for 
concentration ranges near saturation. 

6 The assumptions which have been made in calculating values for AH 
in the case of glycine, dl-alanine, and di-valine appear to be justifiable inas- 
much as the values calculated for AH from solubility measurements check 
quite well with those which were determined by calorimetric measurements. 
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tion tends to become more nearly perfect, at 7’ = 298°, the true 
differential heat of solution should lie bet ween the values indicated 
above and A// 43 = 3590 calories, which is obtained by assuming 
that the perfect solution laws are obeyed. Calorimetric measure- 
ments which have been carried out in this laboratory by Mr. Zittle 
indicate that A//e93 = 3530 calories when 1 mole of glycine is dis- 
solved in an infinite amount of a solution of glycine saturated at 25°. 

Louguinine (40) measured the integral heat of solution of glycine 
at 16°, the final concentration being 0.266 mM. The value, AHeg9 = 
3580 + 40 calories, may be regarded as identical with the differ- 
ential heat of solution as is customary at those concentrations. 
This value also lies between the limits calculated on the basis of 


TABLE V 
Density of Aqueous Solutions of Glycine at 25° 


Com posi- | Concen- a d Composi- | Concen- a d 
tion tration tion tration 
per cent per cent 
20.403 | 256.33 | 3.4155 | 1.08450 | 8.349 | 91.08 | 1.2136 | 1.03257 
18.964 | 234.00 | 3.1179 | 1.07818 | 6.879 | 73.87 | 0.9843 | 1.02626 
17.108 | 206.39 | 2.7500 | 1.07011 | 5.904 | 62.68 | 0.8352 | 1.02212 
15.684 | 186.00 | 2.4783 | 1.06408 | 5.148 | 54.27 | 0.7231 | 1.01888 
14.444 | 168.84 | 2.2497 | 1.05871 |) 4.198 | 43.82 | 0.5839 {| 1.01487 
13.274 | 153.07 | 2.0396 | 1.05378 3.072 | 31.70 0.4224 1.01003 
11.814 | 133.97 1.7851 1.04736 | 2.423) 24.83 | 0.3308 1.00728 
10.482 117.09 | 1. 5602 | 1.04171 1.2387 12.52 0.1668 1.00227 
9.201 | 101.33 | 1.3502 1.03618 | | | 


Friinkel’s (22) data (2990), Lewis’ (23) data (3060), and the data 
of Cann (25) (3430) and the theoretical value of AHfos, = 3660 
calories. 

The densities of a number of aqueous solutions of glycine were 
determined at 25° (see Table V). From these the partial molal 
volumes of the solvent and of the solute were calculated in the 
usual manner. These are given in Table IV. It will be noted 


that the values for the partial molal volumes are in approximate 
agreement with the value 42.7 ee. calculated on the basis of 
Traube’s atomic volumes. 

dl-V aline—Solubility values for dl-valine have been reported in 
the literature by Cohn (4), Slimmer (41), and Hoppe-Seyler (42). 
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They are, however, very discordant, ranging from 28 per cent 
lower to 30 per cent higher than the values interpolated from the 
present data. 

52 solubility measurements were carried out at fifteen different 
temperatures between 0-80°. The data were summarized by 
means of equations, the coefficients of which are found in Table II. 

The cryoscopic data for dl-valine are limited solely to the meas- 
urements given by Friinkel (22). On the basis of these data, the 
activity coeflicients were calculated in the usual manner ((14) p. 
286). The equation, In y = 0.0549 In m + 0.1669, was devised to 
express these values. Irom this, from the solubility equation for 
In m (see Table II), and from Equation 4 we obtain A// = RT? 
(—2.729 & 10 + 1.201 10-*T) 1.055. At 25°, = 1590. 

The true value for the differential heat of solution probably lies 
between this value and that obtained by assuming that the perfect 
solution laws were obeyed. This would indicate that the value of 
AlTe9s lies between 1590 and 1500 calories. Calorimetrie measure- 
ments by Mr. Zittle in this laboratory indicate that A/lo., = 
1590 + 30 calories for the differential heat of solution of dl-valine 
in a saturated solution. 

Irom densities of a number of aqueous solutions of dl-valine at 
25° (see Table III) the partial molal volumes, 5; and d, were 
calculated. In the preliminary plot of ¢ against log m it was 
found that ¢ was a constant. The term s in the equation, 0, = 
(¢ + s/2.303), becomes equal to zero and i, = ¢. Since yg = ty = 
— (V — nywi)/n2z may be substituted for in the 
fundamental relationship, V = nid; + met, which gives ny, = 
nyby. The partial molal volume of the solvent 0; then becomes 
equal to v;, the molal volume of the pure solvent. Thus for the 
concentrations from 0 to 0.6814 m, 0; = 18.069 ee. and d. = 91.06 
ec. The value for td. agrees well with 91.1 ec. calculated from 
Traube’s atomic volumes. | 

dl-[soleucine—Apparently no accurate solubility data for this 
amino acid have appeared in the literature. 

Thirty-two solubility measurements were carried out on pure 
dl-isoleucine at nine different temperatures between 0-65°. By 
the usual methods equations were derived to express the relation- 
ship between the solubility and the temperature. The coefficients 
of these equations are summarized in Table II. 
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Since there are no data from which the activity coefficients of dl- 
isoleucine can be calculated, the estimation of the differential heat 
of solution becomes only approximate. 

Using the equation for In Ne (see Table II), we obtain AH = 
RT? (—4.134 10-2? + 1.726 10-* T). At 25°, AHegs = 1790 
calories per mole. 

Since the shape of the curve of dl-isoleucine in which In Nz was 
plotted against 7’ resembles that of dl-valine, dl-leucine, and I- 
leucine which were known to possess activity coefficients which 
increased with the concentration, it was assumed in Equation 3 
that 0 In y/Om is positive. As dm/dT is also positive, 1790 calo- 


TABLE VI 
Density of Aqueous Solutions of Several Amino Acids at 25° 


Coneen- 


Substance | | tration ny | 
per cent 

0.4897 4.921 | 0.03699 | 0.99914 
0.7242 7.292 | 0.05480 | 1.00023 
0.9399 9.485 | 0.06449 | 1.00068 
2.111 21.56 | 0.1466 | 1.00529 
1.034 10.45 | 0.07973 | 0.99903 
1.147 | 11.60 | 0.08847 | 0.99917 
1.029 | 10.39 | 0.07848 | 0.99883 
dl-Norleucine.......... 1.176 11.90 | 0.09076 | 0.99908 
dl-Phenylalanine............ 1.364 13.83 0.08379 | 1.00055 


ries is regarded as a minimum value for the differential heat of 
solution. 

The density determinations were carried out on two solutions of 
this material, one at approximately saturation, and one at half 
saturation (see Table VI). From these values the apparent molal 
volumes at 25° were computed as follows: when m = 0.1647, ¢ = 
106.2 + 0.2 ce.; when m = 0.0798, ¢ = 106.4 + 0.2 ec. Follow- 
ing the reasoning described from dl-valine, g = d: = 106.3 ce. and 
Dy v; 18.069 ec. The value of 106.3 ce. compared roughly 
with 107.1 ce. computed from Traube’s empirical atomic volumes. 

l-Leucine-- The inconsistencies in the data reported in the 
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literature concerning the solubility of /-leucine in water are, in all 
probability, due to contamination with various amounts of the 
other leucine isomers. The former workers, with one exception, 
report only isolated determinations. These include Pfeiffer and 
Angern (2), Cohn (4), Bayliss (5), Schulze (43), Schulze and 
Bosshard (44), Schulze and Likiernik (45), Sano (46), and Nencki 
(47). The most extensive work on /-leucine has been reported by 
‘Takahashi and Yaginuma (48) whose values agree well with the 
present data. 

The material used for the present investigation had a rotatory 
power of [a]%” = +15.7° for a7 per cent solution of /-leucine in 20 
per cent hydrochloric acid. This value agrees well with [a]7? = 
+15.7° reported by Ehrlich (49) and with [a]”? = +15.6° found 
by Fischer and Warburg (50). A series of twenty solubility 
measurements at nine different temperatures between 0—65° were 
carried out upon this compound. The usual equations relating to 
the solubility and temperature were devised and their coefficients 
tabulated (see Table II). 

Since the freezing point data for the leucines are of rather doubt- 
ful character, it was realized that only a rough estimate of the 
activity coefficients could be made. As it was noted in Iriinkel’s 
(22) work that the freezing point depression of l- and of dl-leucine 
was about the same at the same concentraticn, it was assumed that 
the activity coefficients are the same for both compounds. The 
empirical equation, In y = 0.382 m, was devised to express the 
relation between the activity coefficient of the lercines and the 
concentration. 

From the equation for In m (see Table II) is derived the equation 
dm/dT = (-—4.683 + 1.716 10-4 T) m. Fror the 
appropriate equation above O In y/Om = 0.382 is obtained. ‘The 
equation for the heat of solution then becomes A/T = RT? (1 + 
0.382 m) (—4.6838 & 10-? + 1.716 &K 1074+ T). At 25°, m = 
0.1851, and hence AH2 93 = 830 calories per mole. 

The true value probably lies somewhere between this value and 
that obtained by assuming that the laws of the perfect solution are 
obeyed. This would indicate that AHoox = 830 — 770 calorie: 
per mole at saturation. 

From density determinations (see Table VI) which were carried 
out on two aqueous solutions of l-leucine, one at approximately 
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saturation concentration and the other at half of this value, the 
following apparent molal volumes were calculated: when m = 
0.1829, ¢ = 106.9 + 0.2 ce., and when »™ = 0.0885, ¢ = 107.2 + 
0.2 ce. Since the values for ¢ are identical, from the reasoning 
described for dl-valine, they were considered to be identical with 
the true partial molal volume, t. The mean of these two values, 
107.1 ee., is identical with the value ealeulated on the basis of 
Traube’s atomic volumes. 

dl-Leucine-—The solubility values reported in the literature 
concerning dl-leucine, although fragmentary, agree reasonably 
well with the values found in the present investigation. Measure- 
ments have been reported by Pfeiffer and Wiirgler (1), von Euler 
and Rudberg (3), Sehulze and Bosshard (44), Hiifner (51), and 
Schulze (52, 53). 

Forty solubility measurements at ten different temperatures 
between 0-70° were earried out on dl-leucine. Equations were 
derived in the usual manner to express the relationship between the 
solubility and the temperature. The coefficients are summarized 
in Table IT. 

In the previous section the assumption was made on the basis 
of freezing point data that the activity coefficients of /-leucine 
and dl-loucine are the same. On this basis, In y = 0.382 m also 
holds for d/-leucine. Hence 0 In y/Om = 0.382. In the manner 
previously described we obtain for Equation 2, AH = RT? 
(—5.167 & 10°? + 2.114 * 10°* T) (1.0 + 0.3882 m). At 25°, 
and m = 0.0758. the true value of the differential heat of solution 
at saturation probably lies between the value indicated by the 
above equation and that obtained by assuming that the perfect 
solution laws hold for this amino acid. Hence A//o,, = 2070 — 
2000 calories per mole. 

By comparing the solubility data for /-leucine and d/-leucine it 
was noted that the solubility of the d/ form is less and the tempera- 
ture coefficient is greater than the corresponding values for the / 
form. The heat of solution of the d/ form is also greater than that 
of the 1 form. According to the rules set down by Meyerhoffer 
(35), dl-leucine should be regarded as a racemic compound. 

The apparent molal volume of d/-leucine was caleulated from the 
density data which were obtained at 25° (see Table VI). At these 
concentrations ¢ and i. may be considered to be identical. The 
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observed value of 110.0 + 0.2 ec. agrees roughly with 107.1 ec. cal- 
culated on the basis of Traube’s atomic volumes. 

It will be noted that the value of @ = 110 ec. for dl-leucine is 
significantly different from #2 = 107 ec. reported for /-leucine. 
This fact lends further support to the idea that dl-leucine may be 
regarded as a racemic compound. 

l-Aspartic Acid—l-Aspartie acid has been studied to a much 
vreater extent from the standpoint of solubility relationships than 
any of the other amino acids. The values reported, however, are 
quite variable, agreeing neither with the present data nor are they 
consistent among themselves. It was noted that the different 
optical rotations reported were accompanied by different solu- 
bility values, the solubility becoming less as the rotation value 
increases. This fact suggests the possibility that some of the 
observations were made on partially racemized material. 

Observations conducted over a number of temperatures were 
made by Guareschi (54), Engel (55), Cook (56), and Bressler (57), 
while isolated values were reported by Pfeiffer and Wiirgler (1), 
Pasteur (58), and Marshall (59). 

The optical activity of the l-aspartic acid used in the present 
investigation was [a]? = +25.1° when 1 mole of aspartie acid 
was dissolved in 3 moles of hydrochloric acid. This agrees well 
with [a]?? = + 25.5° reported by Fischer (60) and [a]%? = 25.0° 
reported by Clough (61). Thirty-eight observations were carried 
out at nine evenly spaced temperatures between 0-60°. The 
usual solubility-temperature equations were devised and their 
coefficients tabulated (see Table II). 

The most reliable eryoscopic data for l-aspartic acid are those 
of Hoskins, Randall, and Schmidt (24). Their ‘‘overall’’ activity 
coefficients, which compensate for ionization and aggregation, 
being used, the following expression for In y as a function of the 
molality was obtained: In y = —0.549 In m — 4.891. From this 
and the solubility equation for In m (see Table II) are obtained 
values for 0 In y/In m and 0 ln m/OT. According to Equation 3, 
since the activity coefficients were calculated upon that assump- 
tion, AH = 2 RT? (0.03499) (1 — 0.549). At 25°, AHoos”= 5580 
calories. 

The true value for the differential heat of solution probably lies 
between this value and A/725; = 6190 calories which is obtained by 
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assuming that the perfect solution laws are valid for this sub- 
stance. 

The apparent molal volume of the solute was calculated from 
the density of an approximately saturated solution of l-aspartic 
acid at 25° (see Table VI). The usual assumption was made at 
this concentration, ¢ = tv. The value of 76.9 + 0.3 ce. thus 
obtained agrees roughly with 74.7 ce. calculated on the basis of 
Traube’s atomic volumes. 

dl-Aspartic Acid—Such data as are reported in the literature 
relative to the solubility of dl-aspartic acid are more self-consistent 
than similar data for l-aspartic acid. This includes work by Pas- 
teur (58), Engel (55), and Michael and Wing (62). 

The dl-aspartie acid used was prepared by heating a solution of 
l-aspartic acid with barium hydroxide in an autoclave. Thirty- 
two solubility measurements were conducted at nine evenly spaced 
intervals between O-65°. The usual equations relating the 
solubility to the temperature were computed and the coefficients 
summarized in Table IT. 

Due to the lack of data concerning the activity coefficients of 
dl-aspartie acid, the values for l-aspartic acid were used to obtain 
a rough estimate of the heat of solution. Although this is ques- 
tionable practise, the freezing point depression of the active and 
the racemic forms of the amino acids are usually approximately the 
same. Although fully cognizant that the assumption may not be 
strictly true, the usual calculations were made. 

AH = 2 RT? (1.093 & 107 — 2.302 * 10-* T) (1 — 0.549). 
At 25°, AHogg = 6500 calories. 

The true value probably lies between this value and that ob- 
tained by assuming that the perfect solution laws are obeyed. 
Thus A/Z293 = 6500 — 7200 calories per mole at saturation. 

Berthelot (63) measured the integral heat of solution of aspartic 
acid at 16°, the final concentration being 0.02 m. He made no 
mention of the optical properties of his material, but the trend of 
the paper leads to the belief that his material was dl-aspartic acid. 
He found AHogy = 7250 + 70 calories. From the solubility 
measurements the heats of solution at this temperature should be 
AHegg = 5250 — 5820 calories for l-aspartic acid and AHogy, = 
6400 — 7100 calories for dl-aspartic acid. 

It was noted that dl-aspartice acid has a higher solubility and its 
temperature coefficient is greater than the corresponding values 
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for l-aspartic acid. According to Meyerhoffer (35) it is question- 
:tble whether d/-aspartic acid is a racemic compound or a racemic 
mixture, although the higher heat of solution of the dl form would 
indicate that it is a racemic compound. 

The density of an approximately saturated solution of dl-aspartic 
acid was determined at 25° (see Table VI). From this the appar- 
ent molal volume was calculated. As in the other cases the 
assumption was made that the apparent molal volume, ¢, and the 
partial molal volume, 2, are identical. The value 75.2 + 0.3 ce. 
thus obtained agrees reasonably well with 74.7 cc. calculated from 
‘Traube’s empirical atomic volumes. 

It will be noted that this value of # = 75.2 ce. for dl-aspartic 
acid is definitely smaller than d2 = 76.9 ec. observed for l-aspartic 
acid. This fact, according to Meyerhoffer (35), also should indi- 
cate that dl-aspartic acid is a racemic compound. 

d-Glutamic Acid—Although d-glutamic acid has been well 
characterized from many standpoints, its solubility in water has 
been but poorly studied. Various isolated determinations have 
been reported by Pfeiffer and Wiirgler (1), Pfeiffer and Angern 
(2), Bayliss (5), Schulze (53), Scheibler (64), and Pertzoff (65). 
The same correlation between the optical rotation and the solubil- 
ity was noted as in the case of l-aspartic acid. 

The optical rotation when 1 mole of the d-glutamie acid, which 
was used in the present studies, was dissolved in 4.53 moles of 
hydrochloric acid was found to be [a] = +32.2° which agrees 
well with [a]?? = +32.36° reported by Wood (66). Thirty-five 
solubility determinations on this compound were carried out at 
nine evenly spaced temperatures between O0—60°. In order to 
express the solubility as a function of the temperature the usual! 
equations were calculated, the coefficients of which are summarized 
in Table II. 

The most reliable activity coefficient data for d-glutamic acid 
are those of Hoskins, Randall, and Schmidt (24). The following 
expression relating their ‘‘overall’ activity coefficient to the 
molality was devised: In y = —0.539 In m — 5.020. From this 
expression and the solubility equation for In m (see Table II) 
0 In y/O In m =0.539 and 0 In m/OT = 0.03714 were obtained. 

Since the activity coefficients were calculated with that point in 
view, upon substitution in Equation 3 for dissociating electrolytes, 
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it is found that A// = 2 RT? 0.03714 (1 — 0.539). At 25°, AH ey. 
= 6050 calories per mole. 

The true value for the differential heat of solution probably lies 
between this value and that estimated by assuming that the perfect 
solution laws are valid. Thus A//o9, = 6050 — 6550 ealories per 
mole at saturation. 

Pertzoff (65) reported A//25; = 9600 calories. This value was 
obtained by combining his solubility value with those of Pfeiffer 
and Wiirgler (1) and Bayliss (5). The value cited by Bayliss is 
quite definitely high due to partial racemization. This makes the 
slope of the curve much sharper with the result that the heat of 
solution obtained from these values is too high. 

The density of an approximately saturated solution of d-glu- 
tumic acid was determined at 25° (see Table VI). From this the 
apparent molal volume was calculated in the usual manner. ‘The 
customary assumption was made that at these concentrations ¢ 
and dv, are identical. The value of 90.8 + 0.2 ec. agrees well with 
90.7 ec. calculated from the atomic volumes cited by Traube. 

dl-Glutamic Acid——-The only available solubility data relating to 
dl-glutamic acid are the widely divergent values reported by Link 
(67) and by Schulze (53). 

The present material was prepared by racemizing d-glutamic 
acid with barium hydroxide in an autoclave. ‘Twenty-four solu- 
bility measurements were conducted at nine different temperatures 
between 0-65°. The usual solubility-temperature equations were 
computed and their coefficients tabulated (see Table II). 

As there are no available data from which the activity coeffi- 
cients of dl-glutamic acid can be calculated, the values may be 
assumed to be similar to those found for d-glutamic acid by Hos- 
kins, Randall, and Schmidt (24) inasmuch as the freezing point 
lowerings of the active and racemic forms are usually approxi- 
mately the same. Using these data we obtain 0 In y/o In m= 
— 0.539 and 0 In m/OT = 0.03507 (from Equation 3 in Table II). 


Then by substitution in Equation 3 we obtain AH = 2 RT° 
(0.03507) (1 — 0.539). 

The true value of the heat of solution probably lies between 
the value indicated by this equation and that indicated by assum- 
ing that the perfect solution laws are obeyed. Therefore, A//295 
= 5710 — 6180 calories per mole. 
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It was noted by comparing the solubility data of d- and dl- 
glutamic acid that the solubility of the dl form is greater and the 
temperature coefficient is less than the corresponding values for 
the d form. The heats of solution are also different. According 
to the rules outlined by Meyerhoffer (35), d/-glutamic acid may be 
either a racemic compound or a racemic mixture. 

The apparent molal volumes were calculated from the density 
data of two solutions of dl-glutamie acid which were determined at 
25° (see Table VI). The average value of 90.5 + 0.2 cc. agrees 
well with 90.7 ec. calculated from the atomic volumes given by 
Traube. It was noted in this case that the partial molal volumes 
of d- and dl-glutamiec acid are identical within the errors of the 
determination. ‘This indicates that dl-glutamic acid is a racemic 
mixture. Further data on the point should, however, be obtained 
by mixed fusion point determinations, crystal examination, or 
some other suitable means. 

dl-Phenylalanine—The data in the literature concerning the 
solubility of dl-phenylalanine are also fragmentary. Those re- 
ported by Pfeiffer and Angern (2), Bayliss (5) and Schryver (68) 
when recalculated to the present basis were found to be from 12 to 
28 per cent higher than the values interpolated from the present 
data. 

Twenty-nine solubility measurements upon the present material 
were carried out at ten different temperatures between 0-—75°. 
The solubility-temperature equations were computed in the usual 
manner, the coefficients of which are summarized in Table II. 

With the absence of any data concerning the activity coefficients 
for aqueous solutions of dl-phenylalanine, the calculation of the 
differential heat of solution becomes only approximate. With 
the equation for In Ne (see Table IT), differentiation, and substitu- 
tion of the proper terms in Equation 1 we obtain A/J = RT” 
(—2.495 10-? — 1.3862 10°* 7). Therefore at 25°, = 
2770 calories. For the reasons outlined for dl-isoleucine, 2770 
calories may be regarded as a minimum value for the differential 
heat of solution at this temperature. 

The density of an aqueous solution of d/-phenylalanine was 
determined at 25° (see Table VI). From these data the value of 
123.3 cc. was obtained for the value of the apparent molal vol- 
ume, ¢. The value of 130.6 ec. calculated from Traube’s atomic 
volumes agrees roughly with the present value of 123.3 ce. 


J. B. Dalton and C. L. A. Sehmidt 573 


dl-Norleucine--The solubility value reported by Kudielka (69) 
for dl-norleucine is the only one previously reported for this amino 
acid. 

Thirty-two measurements were carried out at ten different tem- 
peratures between 0-75°. Equations were derived in the usual 
manner to express these values as functions of the temperature. 
The coefficients of these equations are summarized in Table IT. 

Since no data have been reported in the literature concerning 
the activity coefficients for d/-norleucine, only a rough approxima- 
tion can be made for its differential heat of solution. Following 
the reasoning outlined for dl-isoleucine, from the equation for 
In Ve (Table Il) we find that A/7 = RT? (—2.941 & 10°>* + 1.468 
x 10° 7). The minimum value for the heat of solution at 25° 
then becomes A//o93 = 2540 calories. 

The density of a solution of this compound was determined at 
a concentration near saturation (see Table VI). From this the 
apparent molal volume was calculated and assumed to be equiva- 
lent to the true partial molal volume. The value, #. = 110.0 ee., 
compares roughly with 107.1 ce. ealeulated from Traube’s mean 
atomie volumes. 

l-Tyrosine—The solubility data for J-tyrosine reported by 
Schulze ((53) p. 99), von Euler and Rudberg (3), Pfeiffer and 
Angern (2), Ando (88), Sano (46), Hitcheock (70), and Erlenmeyer 
and Lipp (71) are limited solely to isolated determinations, all of 
which ranged from 1 to 36 per cent higher than the values interpo- 
lated from the present work. ‘The rotatory powers, when reported 
by these authors, were lower than that found for the-present 
material. The l-tyrosine used showed [a]*’ = —16.1° for a 5 per 
cent solution of tyrosine in 4 per cent hydrochloric acid. This 
value agrees well with [a]?? = —16.2° reported by Schulze and 
Winterstein (72) under the same conditions. 

Thirty-two solubility measurements were made at nine different 
temperatures between 0—-60°. The solubility-temperature equa- 
tions were derived in the usual manner and their coefficients 
summarized in Vable IT. 

For the enleulation of the differential heat of solution, the perfeet 
solution laws were assumed to hold. From the equation for In V. 
(Table is obtained A/T = 0.0337 RT?. At 25°, = 5960 
calories per mole. 


~ 
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Diiodo-l-Tyrosine—The solubility data for diiodo-l-tyrosine 
have been reported elsewhere (73, 74). They were recalculated 
and included here to complete the present series. Oswald (75) 
reported a solubility value between 6 and 7 times greater than the 
present figures indicate. His material was isolated from natural 
sources while the present product was synthetically prepared from 
active tyrosine. Any doubt that this synthetic product might be 


TABLE VII 


Differential Heats of Solution of Cerlain Amino Acids 


All values are for 298° unless otherwise stated. 


AH correeted* | 


Substance ideal AH calorimetric 
2200 2200 2140 + 30 
2050 (288°) | 2050 (288°) | 2020 (288°) 
6190 5580 
dl-Aspartic “ .| 7200 6500 
7100 (289°) | 6400 (289°) | 7250 + 70 (289°) 
7830 7830 
d-Glutamie acid... . 6550 6050 
dl-Glutamic ‘“‘ _.| 6180 5710 


dl-Isoleucine. .. 


3660 (289°) 
1790 


1790 


3580 + 40 (289°) 


dl-Norleucine............... 2540 2540 
dl-Phenylalanine............ 2770 2770 
5960 5960 

1500 1590 1590 + 30 


* Corrected for the activity of the amino acid. 


subject and the assumptions made consult the text. 


For a discussion of this 


racemized was removed by Mr. Winnek of this laboratory when 
he reduced a sample of the diiodotyrosine to tyrosine by the pro- 
cedure outlined by Harington (76). 
optical activity of the tyrosine was noted. 

Twelve solubility measurements were carried out at seven differ- 


ent temperatures bet ween 


used as diiodo-/-tyrosine shows some tendeney to decompose. 


()- 47°. 


No essential change in the 


Higher temperatures were not 


The 


| 3430 (289°), 
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usual equations were devised and their coeficients tabulated (see 
Table II). 

By assuming that the perfect solution laws were obeyed, from 
the equation for In Ne, AH = 0.0443 RT? is obtained. At 25°, 
AHo 3 = 7830 calories per mole. 

For the sake of convenience a summary of the differential heats 
of solution of the amino acids studied in this paper is given in 
Table VII. 

The original data upon which the calculations presented in this 
paper are based are on file in the University of California library. 

Work on the determination of the solubilities of amino acids 
other than those reported in this paper is in progress. 


SUMMARY 


1. A review of the literature shows not only a paucity but a con- 
flict in the solubility and density data of the amino acids. Reasons 
to account for this have been advanced. 

2. The solubilities of the following amino acids have been 
determined over various given temperature ranges: d- and dl- 
alanine, l- and dl-aspartie acid, d- and dl-glutamie acid, l- and dl- 
leucine, diiodo-/-tyrosine, glycine, dl-isoleucine, dl-norleucine, 
dl-phenyvlalanine, /-tyrosine, and dl-valine. 

3. Equations have been devised for each amino acid to express 
the solubility as a function of the temperature. The values 
calculated from these expressions usually deviate from the ob- 
served values less than 1.5 per cent. 

4. The heats of solution of the amino acids mentioned above 
were calculated and in some instances were compared with direct 
calorimetric measurements. 

5. The molecular volumes of the amino acids in solution have 
been calculated from Traube’s empirical atomic volumes. A com- 
parison of the values so obtained with those found by the estima- 
tion of the partial molal volumes from the density measurements 
has been made. 

6. Meyerhoffer’s criteria concerning the densities of solutions 
containing optical isomers were applied to solutions of the amino 
acids studied. The results substantiated the conclusions based 
on the solubility measurements. 

7. It was concluded from these eriteria that d/-alanine and dl- 
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leucine are racemic compounds, that dl-aspartie acid is probably 
racemic compound, and that d/-glutamic acid is probably a 
racemic mixture. 

8. A table giving the solubilities of the amino acids named above 
at 5° intervals from 0-75° and at 100° has been included (Table 1). 
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THE SOLUBILITY OF THE AMINO ACIDS IN WATER* 
By MAX 8S. DUNN, FRANK J. ROSS, anp LEE S. READ 


(From the Chemical Laboratory, University of California at Los Angeles, Los 
Angeles) 


(Received for publication, July 10, 1933) 


Only a limited number of solubility data for the amino acids are 
given in the literature and many of the values are unreliable 
because precise experimental conditions were not observed or, at 
least, not reported. Because of the importance of solubility data, 
particularly for the isolation of amino acids, it is desirable to have 
more extensive information on this subject. The present paper 
deals with the solubility of twelve amino acids in water at five 
temperatures. 


EXPERIMENTAL 


Amino Acids—The l-aspartic acid used in these investigations 
was a Pfanstiehl Chemical Company product. The other amino 
acids were isolated from natural sources or synthesized in this 
laboratory. The purity of the samples was insured by repeated 
crystallization from water or from water and alcohol until the 
purified substances gave crystal-clear solutions, when dissolved 
in water, and theoretical amino nitrogen values, within the limits 
of experimental error, when analyzed by the Van Slyke procedure. 
The observed amino nitrogen value for glycine, 105.6 per cent, is in 
close agreement with the abnormality reported by other investi- 
gators. The specific rotations of l-aspartic acid and I[-tyrosine 
agreed satisfactorily with the values in the literature (see Table I): 
but the figure found for d-glutamie acid was somewhat higher than 
that reported by Wood (1). 

Method of Analysis—The quantity of amino acid dissolved in a 
solvent. has been determined by carboxyl titration in the presence 


* Financial assistance in this work has been received from the research 
funds of the University of California. 
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TABLE I 
Specific Rotation of Amino Acids 
The figures in parentheses indicate bibliographic citations. 


10 laly 
toamino | 

l-Aspartie acid...... 15 25.0 | +241 25.0 | +25.0 (2) 
“ ......| 1.85 27.0 +54.0 25.0 +30.9 (1) 
l-Tyrosine...........| 25.9 | 23.0 | —8.25 20.0 —8 07 (3) 


of formaldehyde (4-6), aleohol (7), and acetone (7); by Ixjeldahl 
analysis for nitrogen (7-9); by specific rotation (10-12); and by 
gravimetric procedures (10, 13-15). In the present investigations 
i gravimetric method was employed because of its applicability 
to the active as well as the inactive amino acids. The belief that 
its inherent accuracy is at least as high as any of the methods listed 
above is confirmed by the experimental data summarized in Tables 
II and III. 

Distilled water and an excess of the purified amino acid were 
placed in a stoppered, glass bottle which was protected with a 
rubber nipple or with DeKhotinsky cement. The latter cannot 
be used for temperatures much above 25°. ITxcept at O° the 
duplicate samples were heated or cooled 15° above and 15° below 
the temperature of the thermostat. In the determinations at 0° 
one bottle was cooled to about 15° and the other cooled in an ice- 
salt bath until ice appeared. This bottle was shaken thoroughly 
until the ice melted and then was placed immediately in the ice 
water thermostat. 

Except with dl-alanine the bottles were rotated continuous!y or 
shaken at hourly intervals for periods of 12 to 77 hours, the time 
found to be necessary for the attainment of equilibrium. Because 
of its tendency to form a supersaturated solution 120 hours were 
required for reaching equilibrium with dl-alanine. The undis- 
solved solid was allowed to settle by suspending the bottles for 
bout an hour in the thermostat. Then aliquots were taken from 
the supernatant liquid by means of a 5, 10, or 25 ce. pipette fitted 
with a cotton filter and a grooved rubber stopper which was in- 
serted in the bottle during the sampling. In order to avoid erystal- 
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TABLE Il 
Solubility of Amino Acids in Water 


—- 


Average weight | 
Average of soli | Selid per 100 gm. water 
weight of in aliquot 
evila- 
mean 
At 0.08 
gm. Gi. | gm. yin gm. gm. per cené 
5.261 (0.6547 0.6622)14.21 |14.40 (14.31 | 0.61 
| 5.144 |0.5583'0.5534/12.17 [12.05 (12.11 | 0.49 
dl-Glutamie acid..... 4.988 0.8369) 0.8249] 0.8309) 0.72 
6.969 | 7.053 | 7.011 | 0.59 
dl-Isoleucine. ........ 4.969 0.0854/0.0855, 1.749 | 1.751 | 1.750 | 0.06 
dl-Phenylalanine...... 4.976 |0.0496,0.0498} 1.007 | 1.011 | 1.009 | 0.19 
dl-Norleucine. . . 4.976 0.0443 0.0453) 0.8983} 0.9187} 0.9085) 1.1 
d-Glutamie acid...... 9.959 0.0340 0.0345] 0.3426] 0.3476) 0.3451) 0.72 
4.974 0.0432 0.0437, 0.8761) 0.8862! 0.8812) 0.56 
di-Aspartic acid...... 9.949 (0.0313.0.03814, 0.3156) 0.3166 0.3161) 0.15 
4.957 0.0108 0.0113, (0.2184) 0.2285, 0.2235! 2.3 
| 24.95 0.00570 .0055, 0.0229) 0.0221 0.0225 1.8 
At 25.0° + 0.05° 
24.61 |26.01 (25.31 | 2.7 
dl-Alanine........... 10.88 (1.476 (1.476 16.58 (16.58 (16.58 | 0.00 
dl-Glutamie acid. .... 25.05 |0.6458.0.6443} 2.646 | 2.639 | 2.643 | 0.15 
25.18 |1.746 |1.742 | 7.452 | 7.432 | 7.441 0.12 
dl-Isoleucine. ........ 24.99 |0.5340)0.5361) 2.183 | 2.193 | 2.188 | 0.23 
dl-Phenylalanine....., 24.97 |0.34870.3497 1.416 | 1.420 | 1.418 | 0.14 
dl-Norleucine. . . 24.90 (0.2913. 0.2905) 1.184 | 1.180 | 17182 | 0.17 
d-Glutamic acid...... 9.972 0.0880,0.0875 0.8903!) 0.8852) 0.29 
di-Leucine........... 24.90 0. 2889/0 . 2925 1.174 | 1.188 | 1.181 ; 0.58 
dl-Aspartic acid. ....!| 9.964 0.0805 0.0808 0.8145 0.8175) 0.8160) 0.18 
l-Aspartic “ 9.947 0.0525 0.0542) 0.5306) 0.5479) 0.5393 1.6 
24.95 0.0120,0.0119, 0.0481, 0.0477, 0.0479, 0.42 


* The authors are indebted to Mr. T. W. Brophy who determined 


solubility of glycine at 25.0°. 


lization of the solute at 50° and 75° the pipette was maintained at 
these temperatures by suspending it in a glass tube immersed in 
the thermostat and the transfer of the solution from the bottle to 
the crystallizing dish was completed within 1.5 minutes. 


After 


the 
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removal of a sample the pipette was rinsed, dried, und reheated to 
the temperature of the thermostat. 

One aliquot was transferred to a glass-stoppered bottle and 
weighed. Three others from the same bottle were placed in glass, 
crystallizing dishes, each weighing about 30 gm. and of approxi- 
mately 80 ec. capacity. Then these solutions were heated in an 
oven at 50-95° until the solvent had evaporated and the residual 
amino acid was constant in weight. For the most part the evapo- 
rations were made at the lower range of temperatures in order to 
avoid the slight decomposition observed in a few instances at the 
higher temperatures. Since Foreman (16) has shown that there 
is approximately a 3 per cent conversion of glutamic acid to pyr- 
rolidoneearboxylie acid when a solution of this amino acid is 
evaporated to dryness at SI 83°, temperatures below 70° were 
used in our experiments to minimize this transformation. 

A water thermostat was used for the temperatures at 25°, 50°, - 
wnd 75° and an ice-water mixture at O°. In working at 75° the 
water in the thermostat was covered with en inch layer of paraffin, 
which is liquid at this temperature, to diminish the rate of evapora- 
tion. The water in the 50% {thermostat was miaintained at a 
constant level by means of an/ automatic device. The tempera- 
tures maintained in the thermostats were constant within the 
following limits: 0.0° (no devistions were noted), 25.0° + 0.05°, 
50.0° + 0.10°, and 74.96° + 0.03°. A Beckmann thermometer 
and a Central Scientific Company 50° thermometer, graduated in 
0.1°, were calibrated against a Bureau of Standards thermometer 
and used in measuring the thermostat temperatures. 


DISCUSSION 


The solubility data for the amino acids are given in Tables I] to 
IV. The precision of the experimental values is indicated by the 
following data which were calculated from the determinations at 
0°: deviation from the mean for the weight of the duplicate ali- 
quots, maximum, 0.33 per cent; average, 0.17 per cent; deviation 
from the mean for the weight of solid in the triplicate aliquots 
(cold side) maximum, 2.4 per cent; average, 0.81 per cent; (het 
side) maximum, 2.0 per cent; average, 0.64 per cent. Because of 
the larger quantity of amino acid in solution at the higher tempera- 
tures the mean deviations were smaller than at 0°. 
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TABLE III 
Solubility of Amino Acids in Water 
Average weight 
Average of solid Solid per 100 gm. water 
weight of in aliquot 
Amino acid* 
mean 
At 50.0° + 0.10° 
gm. gm. gm. gm. gm. gm per cent 
5.535 {1.583 {1.588 |40.06 |40.23 (40.15 0.20 
dl-Alanine........... 5.251 |0.9923)1.005 |23.67 /|23.48 0.81 
dl-Glutamiec acid.....| 5.075 |0.3819|0.3843] 8.137 | 8.192 | 8.165 | 0.33 
5.047 9.363 | 9.484 | 9.424 | 0.63 
dl-Isoleucine......... 4.962 |0.1432)0.1477| 2.972 | 3.067 | 3.020 | 1.5 
dl-Phenylalanine.....; 4.966 |0.1065)0.1074| 2.191 | 2.210 | 2.201 | 0.45 
dl-Norleucine........| 4.962 |0.0877.0.0878) 1.799 | 1.801 | 1.800 | 0.05 
d-Glutamie acid...... 4.983 |0.1083.0.1089) 2.221 | 2.234 | 2.228 | 0.27 
dl-Leucine........... 4.956 |0.0857\0.0861; 1.759 | 1.768 | 1.764 | 0.23 
dl-Aspartic acid.....| 4.988 \0.1023)0.1027) 2.094 | 2.102 | 2.098 | 0.19 
l-Aspartic a 4.972 0.06140.0617) 1.250 | 1.257 | 1.254 | 0.24 
l-Tyrosine........... 9.918 |0.0108)0.0110} 0.1090} 0.1110; 0.1100, 0.91 
At 74.96° + 0.03° 
5.627 |2.041 2.067 56.92 [58.06 (57.49 0.99 
5.264 |1.279 |1.284 |32.10 (32.26 (32.18 0.25 
10.00 {1.155 |1.194 |13.06 [13.56 (13.31 1.9 
dl-Isoleucine......... 4.941 |0.2267)0.2283, 4.809 | 4.844 | 4.827 | 0.35 
dl-Phenylalanine.....| 4.942 (0.1756\0.1767| 3.684 | 3.708 | 3.696 | 0.32 
dl-Norleucine........ 4.914 |0.137110.1381) 2.870 | 2.891 | 2.881 | 0.34 
di-Leucine........... 4.918 |0.1357\0.1359|) 2.838 | 2.842 | 2.840 | 0.14 
dl-Aspartic acid.....| 4.991 |0.2280/0.2286) 4.787 | 4.801 | 4.794 | 0.15 
l-Aspartic a 4.970 |0.1314)0.1313) 2.715 | 2.713 | 2.714 | 0.04 
l-Tyrosine........... 9 823 |0.0234\0 .0232) 0.2388) 0.2367, 0.2378 0.46 


* Since Foreman (16) has shown that there is approximately 3 per cent 
conversion of glutamic acid to pyrrolidonecarboxylic acid when an aqueous 
solution of this amino acid is heated for 2.5 hours at 81-83° it would appear 
that the determination of solubility of glutamic acid at 75° would not give 


accurate results. 


The relation between solubility in gm. per 100 gm. of water and 
temperature in °C. is shown in Figs. 1 to 4. 
values at 0°, 25°, 50°, and 75°, and the calculated solubilities at 
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TABLE ILIV 
Calculated Solubility of Amino Acids in Water at 100° 


Amino acid 


Glycine 


dl-Alanine 


dl-Glutamic 
acid 


dl-Valine 


dl-Isoleu- 
cine 


dl-Pheny]l- 
alanine 


dl-Norleu- 
cine 


d-Glutamie 
acid 


dl-Leucine 


dl-Aspartic 
acid 


Temperature 


° 


water 


14.31 


(25.31 


40.15 
57.49 
12.11 
16.58 
23.48 
32.18 
0.8309 
2.643 


3161 
0.8160 


gm. 
100 gm. | 


Solubility 


M per 100 


gm. 
water 


0.1908 
0.3375 


0.5353 


0.7665 
0.1361 
0.1863 
0.2638 
0.3616 
0.00565 


0.01798 


0.05135 
0.05992 
0.06360 
0.08055 
0.11376 
0.01346 
0.01683 
0.02323 
0.03713 
0.00612 
0.00859 
0.01334 
0.02240 


50 .00693 


0.00902 
0.01374 
0.02200 


91 0.00235. 
$0 00604 


0.01516 


20 60673 


0. QO0902 
0.01347 


0.02168 


0.00238 
0.00614 
2.098 0.01577 
4.794 0.03605 


(mole 

Jraction) 
0.03324 
0.05727 
0) 08790 
0.12124 
0) 02391 
0 03245 
0.04533 
0.06111 
0.00102 


0.00323 
0.00916 
0.01067 
0.01132 
0.01429 
0.02007 
0.00242 
0.00302 
0.00416 
0.00664 
0.00110 
0.00154 
0.00240 
0.00402 
0.00125 
0.00162 
0.00247 
0.00394 
0.00042 
0.00109 
0.00272 
0.00121 
0.00162 
.06242 
0.00389 
0 000428 
0.001104 
0.002831 
0.00645 


9626 
2.0604 
—2.9172 
7905 
.6162 
— 2.4100 
—3 3686 
— 2.9570 
—2.5481 
— 2.1904 


7100 


1900 
3100 
4300 


6200 
7300 
7400 


4 
calories gm. 
2400 | 75.2 
2800 | 43.2 
(50-75°)| (At 75°) 
8650 | 19.9 
4200 | 20.0 
6350 9.04 
5840 6.53 
5US0 4.70 
(50-75°)| (At 75°) 
7900 3.34 
5450 4.83 
7460 9.94 


> 
| | salo~| 
ne 
—1.4783 | 
'—1.2421 {3600 
50 '—1.0560 |3300! 
75 | | | —0.9164 2900, 
| | | —1.6214 | 
| 25 | | | '—1.4888 }2000! 
50 | | '—1.3436 |2600) | 
75 | | \—1.2139 {2700 
0 | | 2.9914 | | 
25 | | 2.4908 17550 
50 | 8.165 | |—2.0381 
0 | 7.011 '—1.97224 | 
25 | 7.441 —1. 94692} 381) 
50 | 9.424 
75 (13.31 '—1.69680)3075 
| 750 —2.6162 | 
25 | [188 |1450 
50 | #020 | '—2.3809 |2500, 
75 | (827 | 2.1778 |4200 
0 | 009 | '—2.9586 | 
25 418 (2.8125 12200 
50 | 2.6198 |3450 
75 | | | 2.3958 4650 
—2.9031 
25 | | '—2.7905 }1700, 
50 | —2.6073 |3250, 
795 881 | 2.4045 14200: 
0 \—3.3767 | 
25 8S | | 
50 | 223 
| | | 
25 | 181 , | | | 
75 | | || 
is 
| 25 | | | | 
| 50 | | | 
| | 
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TABLE IV—Concluded 


Amino acid Solubility = 
2 4 4 
° gm. per | M per 100 N (mole calo- , 
— =. fraction) vies calories gm. 
l-Aspartic 0 | 0.2235)0.00168 (0.00030 |—3.5229 
acid 25 | 0.5393|0.00406 |0.00073 |—3.1367 |5800 


50 | 1.254 |0.00943 |0.00169 |—2.7721 |6500 
75 | 2.714 |0.02041 |0.00348 |—2.4584 |6530; 6550 | 4.88 
l-Tyrosine 0 | 0.0225/0 .000124/0 .000022; — 4.6576 
25 | 0.0479)/0 .000265/0 .000048; —4.3188 {5100 
50 | 0.1106)0 .000608)0 .000109| —3 .9626 |6350 
75 | 0.23780 .001314/0 .000236| —3.6271 |7000; 7530 | 0.492 


100° were used in obtaining these curves. The most reliable 
solubility data from the literature were included in Figs. 1 to 4 
for purposes of comparison. It is apparent that only a part of 
these data is in good agreement with our solubility values. It is 
to be expected from theoretical considerations that the solubilities 
obtained by a gravimetric process would be slightly higher than 
those resulting from the analytical procedures employed by the 
majority of the authors quoted. 

Because of the experimental difficulties involved in measuring 
solubility at 100° the values at this temperature were calculated 
by means of the equation 


where NV, and N»2 are the mole fractions of amino acid in solution 
at the absolute temperatures 7; and 7. respectively, 2 is 1.986, 
and AH is the differential heat of solution. A//, calculated over 
25° intervals from 0-75°, and plotted against the corresponding 
temperature intervals gave curves from which the differential heat 
of solution at 100° was determined by extrapolation. A// could 
not be calculated over smaller temperature intervals from the 
available experimental data. Thus the values for A// are only 
of approximate accuracy but the error is not of serious significance 
since the resulting solubilities have an average difference of only 


- 
n—- = 
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0.5 per cent for each per cent deviation in the values for AH. The 
calculated values for A// and for the solubility of the amino acids 
at 100° are given in Table IV. 
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Fig. 1. Curves showing the solubility of glycine, dl-alanine, ¢/-valine, 
and dl-glutamic acid in water at temperatures from 0-100°. The data are 
plotted according to the following notation: O, authors’ experimental 
values at 0-75° and their calculated values at 100°; A, glycine, Shutt (6); 
B, dl-alanine, Holleman and Antusch (13); A, dl-alanine, Pellini and Coppola 
(10); @, dl-valine, Slimmer (18); C, dl-valine, Hoppe-Seyler (19); @, dl- 
glutamic acid, Wolff (20); and @, dl-glutamie acid, Schulze (21). 


It was of considerable interest to compare the experimental and 
the theoretical solubilities of the amino acids. If a nearly straight 
line is obtained when the logarithm of the mole fraction of the 
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Fig. 2. Curves showing the solubility of dl-isoleucine, dl-phenylalanine, 
dl-norleucine, and d-glutamie acid in water at temperatures from 0-100°. 
The data are plotted according to the following notation:0, authors’ 
experimental values at 0-75° and their calculated values at 100°; 5, dl- 
phenylalanine, Bayliss (22); A, d-glutamic acid, Fischer (23); A, d-glutamic 
acid, Pertzoff (7); e, d-glutamiec acid, Bayliss (22); @, d-glutamic acid at 
20°, Pfeiffer and Wiirgler (4) and at 21°, Pfeiffer and Angern (5). We were 
not able to find reliable values in the literature for dl-isoleucine and 
dl-norleucine. 
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I'1G. 3. Curves showing the solubility of dl-leucine and dl-aspartic acid 


in water at temperatures from 0-100°. 


The data are plotted according to 


the following notation: ©, authors’ experimental values at 0-75°, and their 


calculated values at 100°; o, dl-leucine, von Euler and Rudberg (8); @, 
dl-leucine, Schulze and Likiernik (24); A, dl-leucine, Schulze and Likiernik 


(25); 0, dl-leucine, Hiifner (26); a, dl-leucine, Schulze and Bosshard (27) ; 
g, dl-aspartic acid, Michael and Wing (14); and g, dl-aspartic acid, Pasteur 


(28). 
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lic. 4. Curves showing the solubility of l-aspartic acid and /-tyrosine in 
water at temperatures from 0-100°. The data are plotted according to the 
following notation: 0, authors’ experimental values at 0-75° and their 
calculated values at 100°; A, l-aspartic acid (5.380, the solubility at 100°, is 
not shown in the figure), Guareschi (29); 0, /-aspartic acid (0.2674, the solu- 
bility at 0.2°, and 5.3746, the solubility at 97.4°, are not shown in the figure), 
Bresler (11); @, /-aspartic acid, Cook (12); g, l-tyrosine, Brown and Millar 
(30); a, /-tyrosine, von Euler and Rudberg (8); A, /-tyrosine, Hitchcock (9); 
x, l-tyrosine, Stadeler (31); and ®, l-tyrosine, Erlenmeyer and Lipp (32). 
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amino acid in solution is plotted against the reciprocal of the abso- 
lute temperature it may be assumed that Raoult’s law is obeyed. 
From an inspection of the curves shown in Figs. 5 to 8 it may be 
noted that nearly straight lines were obtained with glycine, dl- 
alanine, d- and dl-glutamic acids, and with /- and dl-aspartie acids. 
The curves with the other amino acids indicate deviations. of 
considerable magnitude from the theoretical. 


-4.70 
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In attempting to account for these deviations, normally it would 
be assumed for most solutes that solvation effects, heat of solution, 
and changes in the molecular species are the factors involved. 
The probability that amino acids exist in aqueous solution largely 
in the zwitter ion form has been strengthened by the recent studies 
of Wyman and MeMeekin on the dielectric constants (17) of 
amino acid solutions and the dipole moments (33) of amino acid 
esters. Because of the electrical nature of the zwitter ion the 
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tendency to form associated molecules (micelles) is a probable in- 
herent property of amino acids in solution. This assumption is 
borne out by the investigations of Hoskins, Randall, and Schmidt 
(34) and Cann (35). By means of conductivity and freezing 
point measurements of dilute aqueous solutions of aspartie and 
glutamie acids and the calculated activity coefficients of the undis- 
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sociated part of these molecules the former authors have shown 
that neutral aggregates (micelles) exist to a considerable extent. 
Furthermore, it was recognized that association increases with 
increasing stoichiometric concentration of amino acid and that 
the degree of association is markedly dependent upon temperature. 
I¢vidence of essentially the same character has been presented by 
Cann (35) to show the presence of micelles in glycine solutions. 


| 


592 Solubility of Amino Acids 


If it is assumed that micellation is the principal cause of devia- 
tions from the theoretical solubilities predicted for amino acids 
it may be expected that those amino acids which show the greatest 
deviation from a straight line function will be the most highly 
micellated. However, direct evidence on this point cannot be pre- 
sented since measurements of micellation are not subject to quanti- 
tative interpretation and the investigations of this phenomenon are 
at present limited to the three amino acids mentioned above. 
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Fig. 7 


In a recent paper Pertzoff (7) reported the solubility of d-glu- 
tamie acid at 25°. While our figure, 0.8878 gm. per 100 gm. of 
water, is in close agreement with his value, 0.8746 gm., our inter- 
pretation of the data differs somewhat from that of this author. 
Pertzoff obtained a straight line when his experimental value, the 
solubility at 20° found by Pfeiffer and Wiirgler (4), and that at 
38.5° by Bayliss (22) were plotted as described above. The figure 
given by Pfeiffer and Angern (5) for the solubility of d-glutamic acid 
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at 21° does not fall on this line and was thus considered to be er- 
roneous. Our results appear to verify the latter conclusion and 
the statement that approximately a straight line is obtained with 
the data for the temperatures from 20—-38.5°. However, over the 
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temperature range from 0-100° it is apparent that there is a definite 
although small deviation from a straight line. The heat of solu- 
tion, 9600 calories, which Pertzoff has calculated for d-glutamic 
acid appears to be somewhat high due to the use of the high solu- 
bility value reported by Bayliss at 38.5°. 
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SUMMARY 


1. The solubility in water of three optically active amino acids 
and nine racemic forms has been determined at 0°, 25°, 50°, and 
75°. 

2. The differential heat of solution over 25° intervals from 0° to 
75° and the solubility of these amino acids at 100° have been 
calculated. 

3. Curves, showing the solubility of these amino acids in water 
from 0-100°, have been drawn with the authors’ experimental and 
calculated values and the most reliable data reported in the litera- 
ture by other workers. 

4. The logarithms of the mole fractions were calculated from the 
solubility data and plotted against the reciprocals of the absolute 
temperatures. The six amino acids for which approximately 
straight lines were obtained were assumed to behave more nearly 
as perfect solutes than those amino acids which showed greater 
deviations from a straight line. Variations in the heat of solution 
and changes in the molecular species are known to cause solubility 
abnormalities. It was found that the calculated heat of solution 
varied widely over the range of temperatures investigated. It 
has been shown by other workers that certain amino acids are 
associated in aqueous solution. Since aspartic acid, glutamic acid, 
and glycine, amino acids known to be associated, exhibit less 
marked solubility abnormalities than other amino acids used in 
our experiments, it would appear (1) that amino acids of the 
latter class are probably more highly associated than those nearly 
normal in solubility and (2) ihat deviations from the theoretical 
solubility and associative phenomena are probably directly related. 
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ON CATALYTIC OXIDATIONS 


IV. PHOTOCHEMICAL OXIDATION OF SOME ETHYLENIC DOUBLE 
BONDS* 


By KARL MEYER 


(From the Laboratory for General and Analytical Chemistry of the Technical 
Institute of the Swiss Confederation, Zurich, Switzerland) 


(Received for publication, July 31, 1933) 


We have already reported the catalytic action of hemin on the 
oxidation of some unsaturated fatty acids (oleic, decenic, etc.), 
some natural polyenes (bixin, lycopin, etc.), and also ergosterol 
(1). The slow oxidation of oleic acid or olive oil with hemin and 
oxygen at 20-37° led to the production of CO, and was not in- 
hibited by HCN. Compounds with a terminal double bond, as 
decenic and undecenic acids, were not attacked. Light had no 
effect with hemin present. 

In the presence of fluorescent dyes and light, these compounds 
undergo a more or less rapid oxidation. With aqueous eosin, 
olive oil, oleic acid, and undecenie acid are oxidized at about the 
neutral point. With chlorophyll dissolved directly in the olive 
oil, the reaction is about 400 times more rapid than with aqueous 
eosin. The chlorophyll does not change its color as long as enough 
of the oxidizable substrate is present and, when dissolved by itself 
in cyclohexanol or paraffin oil, it takes up no significant amount of 
oxygen (21 c.mm. in 17 hours in 3 times the concentration em- 
ployed in the above experiments). The photochemical oxidation 
does not yield H2O2, or organic peroxide. 


* This work was made possible through a fellowship of the International 
Education Board and the Rockefeller Foundation during 1928 and 1929. 
The writer wishes to thank Professor Richard Kuhn of Zurich for his kind 
interest and helpful suggestions while the experiments were in progress, and 
to acknowledge his indebtedness to Professor H. T. Clarke and Dr. J. W. 
Palmer of Columbia University for their assistance in preparing this work 
for publication. 
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Oleic acid is oxidized about twice as rapidly as olive oil with 
chlorophyll and light. With isochlorophyllin in dilute alkali, the 
(. absorption of olive oil is only one-thirtieth to one-fortieth of 
that with chlorophyll; in the case of oleic acid, it is about one- 
tenth of that with chlorophyll. The isochlorophyllin alone in the 
same medium does not absorb O.. If the chlorophyll is dissolved 
in paraffin oil instead of being dissolved directly in the olive oil 
or oleic acid, the rate of O. absorption is lower and decreases more 
in longer runs. Phenol does not inhibit the reaction; rather, it 
increases the rate of O,. absorption, probably being oxidized by 
induction. Phenol alone is stable toward chlorophyll and light. 

Bixin and lycopin, natural, dark red non-fluorescent dyes, 
autoxidize in cyclohexanol at low temperatures (1). Hemin in- 
creases the rate of reaction, but visible light does not affect the 
reaction, ¢ither with or without hemin. With eosin and light, 
the speed is about double that with hemin. Chlorophyll in paraf- 
fin oil does not affect the oxidation of bixin but a faster reaction 
occurs in the light than in the dark with lycopin, probably because 
the autoxidation products are being further oxidized. Paraffin 
oil alone always diminishes the rate of oxidation. 

Some natural terpenes, citronellal, linalool, pulegone, and ter- 
pineol (2), were studied. None of these bodies takes up oxygen in 
the dark, with or without hemin. With chlorophyll and light, all, 
regardless of the number of double bonds, take up more than 1 
mole of Oz, per mole. They then lose their characteristic odors 
but still decolorize bromine or permanganate. Neither H.O. nor 
organic peroxides are formed. 

Glucose, fructose, and magnesium hexosediphosphate are stable 
towards eosin, isochlorophyllin, or chlorophyll and light in acid or 
neutral solution, and their autoxidation in alkaline solution is 
not accelerated by these sensitizers. The same holds true for 
lactaldehyde, which is also stable towards hemin. Succinic acid, 
ethyl succinate, tartaric acid, formic acid, formaldehyde, cinnamic 
acid, and ethyl cinnamate are stable under all the conditions. 


EXPERIMENTAL 


The experimental arrangement was the same as described in 
Paper II of this series (3). The temperature was 37°, and the 
manometers were filled with oxygen. 


Kk. Meyer 599 


Fig. 1 shows the influence of eosin in 0.01 N NaOH upon oleic 
acid, olive oil, and undecenic acid. Eosin accelerates the 0, 
uptake of olive oil relatively slightly, of oleic acid more, and of 
undecenic acid most. At the end of the experiment the eosin 
appeared in the oily phase. The oleic acid was Merck’s ‘‘puris- 
simum, free of linolenic acid.’’ The olive oil was Merck’s of 
standard refractive index. The c,x-undecenic acid was prepared 


+300 CMM. 


Vi. 


‘200 


Fic. 1. Photooxidation of olive oil, oleic acid, and undecenic acid with 
eosin. Each vessel contained 0.8 cc. of M/15 phosphate (pH 7.0) + 0.2 ce. 
of water + 0.2 cc. of substrate + 0.1 cc. of 0.1 per cent eosin in 0.01 N NaOH 
or 0.1 ec. of 0.01 N NaOH. The absorption chamber contained 0.2 ec. of 5 
per cent KOH. Without eosin: Curve I, undecenic acid; Curve II, olive 
oil; Curve III, oleic acid; with eosin: Curve IV, olive oil; Curve V, oleic 
acid; Curve VI, undecenic acid. 


by Professor Griin (Grenzach i. B.). The eosin and chlorophyll 
solutions were 0.1 per cent as in Paper III (4). 

Table I presents a comparison of the oxidation of olive oil and 
oleic acid with chlorophyll and isochlorophyllin. In both cases, 
the oleic acid is oxidized more rapidly than the olive oil, as was 
found also with hemin (1). Isochlorophyllin alone did not absorb 
O,. With the chlorophyll dissolved in paraffin oil, the same 
difference between oleic acid and olive oil was found (Fig. 2). It 
is apparent that without the solvent the rate of reaction is greater 
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and more constant. The color change of the chlorophyll from 
green to gray-brown when the solvent was present did not occur 
without it, unless the time of exposure was greatly prolonged. 
With oxygen completely absent, chlorophyll in olive oil or oleic 
acid does not change its color, even if irradiated for weeks. An 


experiment with double the quantities of olive oil and chlorophyll 


TABLE I 
Photooxidation of Olive Oil and Oleic Acid with Chlorophyll and 
Isochlorophyllin 
In each vessel 0.8 ce. of M/15 phosphate (pH 7) + 0.5 ec. of water plus 
. 0.1 ee. oleic acid + 0.1 ee. 0.01 nN NaOH 
 eontaining 0.1 per cent chlorophyll + 0.1 cc. 0.01 N 
NaOH 
C. 0.1 ce. oleic acid + 0.1 cece. 0.1 per cent isochlorophyllin in 0.01 N 
NaOH 
D. 0.1 ec. olive oil + 0.1 ec. 0.01 N NaOH 


“ eontaining 0.1 per cent chlorophyll + 0.1 ce. 0 01 
NaQH 
F. 0.1 ee. olive oil + 0.1 ec. 0.1 per cent isochlorophyllin in 0.01 nN NaOH 
| > absorbed, ¢.mm. 
A B C D | E F 
min. | 
10 2 3 0 Dark 
20 2 304 40 () | 261 | 5 Light 
30 3 370 44 0) | 266 8 Dark 
55 2 372 46 0) | 268 
65 4 763 82 | 519 | 14 Light 
80 4 777 84 532 | 13 Dark 
90 4 1156 119 §20 24 Light 
100 4 1170 119 825 24 Dark 
110 7 | 15028 | 154 1128 | 32 | Light 
120 6 1541 154 1135 | 30 Dark 
130 7 1868 185 5 1358 | 39 Light 


as compared with that of Table I showed an ©, uptake a little more 
than double that in Table I. 

Fig. 3 again illustrates the falling rate of oxidation when paraffin 
By comparison with Fig. 


oil is the solvent for the chlorophyll. 


2 it is seen that, with one-tenth the amount of chlorophyll present, 
the rate of O. uptake is decreased only to 30 per cent. 


by 
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Phenol inhibited the photooxidation of neither olive oil nor oleic 
acid. In the oleic acid experiment the substitution of water for 
the phosphate of Table I decreased the O. uptake by about half, 
while in the case of olive oil this substitution made no difference. 
Whether this is a specific effect of phosphate ion, or an effect due 
to a difference in hydrogen ion concentration was not investigated. 


1000 CMM.O> 


Kia. 2. Photooxidation of oleic acid and olive oil with chlorophyll. 
Each vessel contained 0.8 cc. of M/15 phosphate (pH 7.0) + 0.5 cc. of water 
+ 0.1 ec. of substrate + 0.1 ec. of 0.1 per cent chlorophyll in paraffin oil. 
Substrates: Curve I, olive oil; Curve IT, oleic acid. 


The oxidation of bixin (5) and lycopin (6) in the presence of 
sensitizers and light is illustrated in Table II. At the end of the 
experiment, both were decolorized; the bixin solution became acid 
to litmus, while lycopin remained neutral. Both autoxidize fairly 
rapidly in alkaline solution without sensitizers. With eosin, there 
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is a slight increase in the reaction in light of both substances; with 
chlorophyll, bixin showed no increase, but lycopin during the 
later stages of oxidation showed an increase in O. uptake during 
illumination. 

The behavior of the terpenes is shown in Table III. The reac- 
tion in the dark is found negligible (I, Table III) and the slight 
dilution with cyclohexanol (F) is without appreciable effect. In 
2 similar experiment with 0.3 cc. of 4 per cent substrate in eyclo- 


1500 CMM 


1000 
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00 — 300_ MIN. 


Fic. 3. Photooxidation of oleic acid with chlorophyll. The vessel con- 
tained 0.8 ec. of M/15 phosphate (pH 7.0) + 0.1 ce. of oleic acid + 0.5 ec. of 
water + 0.1 ec. of 0.01 per cent chlorophyll in paraffin oil. 


hexanol, the rate of O». absorption was decreased. In 57 hours 
citronellal absorbed 2610 e.mm. of Oz, linalool 2105 ¢e.mm., and 
pulegone 1875 e.mm. The theoretical values for 1 mole of O» 
per mole of substrate were, respectively, 1745 e.mm., 1745 e.mm., 
and 1765 e.mm. After about 2 hours, the chlorophyll color 
changed to brown. Another 0.1 ce. of chlorophyll solution was 
added at the end of 13 hours, and 5 minutes later the color 
was again brown. At the end of the experiment, the sample con- 
taining citronellal was acid and that with linalool was neutral. 
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Citronellal and linalool became odorless and pulegone nearly so. 
All decolorized Bre and KMnQ,, indicating that double bonds were 
still present. None evolved CO... Terpineol gave the smallest 


TABLE II 
Photooxidation of Bixin and Lycopin with Eosin and Chlorophyll 


In each vessel 0.8 ec. of M/15 NazHPO, + 0.3 cc. of water plus 

A. 0.3 cc. 3 per cent bixin in cyclohexanol + 0.1 “ 0.01 N NaOH 

+ 0.1 “ 0.1 per cent eosin in 
0.01 n NaOH 

C. 0.3 ce. 3 per cent bixin in cyclohexanol + 0.1 ec. 0.1 per cent chloro- 
phyll in paraffin oil 

D. 0.3 ce. 3 per cent lyeopin in cyclohexanol + 0.1 ce. 0.01 Nn NaOH 

+ 0.1 “ 0.1 per cent eosin 
in 0.01 n NaOH 

F. 0.3 ce. 3 per cent lyeopin in cyclohexanol + 0.1 ee. 0.1 per cent chloro- 
phyll in paraffin oil 


Oz absorbed, ¢.mm. 
Time Remarks 
A B C D E I 
men. 
15 30 32 13 144 148 61 Dark 
30 64 150 31 233 278 141 Light 
50 102 192 52 290 332 214 Dark 
70 135 304 67 321 418 284 Light 
90 163 334 81 346 430 334 Dark 
110 188 407 96 366 489 386 Light 
130 212 424 108 388 497 421 Dark 
140 232 478 132 395 547 461 Light 
160 251 493 142 407 508 485 Dark 
180 266 536 153 420 601 516 | Light 
220) 295 557 170 444 622 557 Dark 
260 319 623 191 474 701 620 Light 
300 339 653 210 497 719 653 Dark 
340 356 696 223 524 790 707 Light 
Ars. 
14 597 942 " 
20) 1173 536 1578 1575 " 


reaction of the four substances. In view of our findings with 
oleic, linoleic, and linolenic acids in the presence of hemin (1), it 
seems remarkable that linalool, with its two double bonds, ab- 
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sorbs oxygen at about the same rate as pulegone, with only one 
double bond. 

Tested under the same conditions, citronellal, linalool, and 
pulegone with aqueous pyridine in the dark absorbed 10 to 20 
c.mm. of O, in 12 hours. With pyridine hemin and with acetate 
hemin in cyclohexanol the amounts absorbed were still less. 


TABLE III 
Photooxidation of Citronellal, Linalool, Pulegone, and Terpineol with 
Chlorophyll 

In all except F, 0.6 cc. of 0.2 Mm NasHPO, + 0.1 ce. of 0.1 per cent chloro- 
phyll in paraffin oil + 0.7 cc. of water + 0.1 cc. of substrate. 

In F, 0.6 ec. of 0.2 m Na,.HPO, + 0.1 cc. of 0.1 per cent chlorophyll in 
paraffin oil + 0.4 cc. of water + 0.3 cc. of cyclohexanol + 0.1 cc. of sub- 
strate. 

E protected from light by a wrapping of tin-foil. 


absorbed, c.mm. 
‘A D 
E F 
min. 
10 0 0 0 0 0 0 Dark 
17 344 | 399 | 402 234 0 397 | Light 
24 357 422 418 234 0 404 Dark 
30 587 716 764 391 1 679 Light 
36 596 723 774 391 1 679 Dark 
43 821 1011 1116 547 1 964 Light 
73 869 1032 1154 549 5 975 Dark 
84 1102 1309 1550 730 8 1310 Light 
92 1102. 1563 730 12 1310 Dark 
106 1350 1599 2000 926 12 1664 Light 
113 1361 1608 2010 927 13 1666 Dark 
128 1578 1850 2385 1107 15 1972 Light 
138 | 1603/1872 | 2395 | 1107 16 | 1972 | Dark 
153 1810 2120 | 2715 | 1289 18 | 2230 Light 
DISCUSSION 


It has been shown (3) that eosin is far superior to chlorophyll as 
a catalyst in the oxidation of pyruvic acid. With the substances 
studied here, however, chlorophyll is the better catalyst. It does 
not seem probable that the explanation for this lies in the fact 
that the eosin was dissolved in the aqueous phase and the substrate 
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in the other, since after a short period of shaking the eosin was 
found to a great extent in the lipid phase. 

Most substances which oxidize with hemin (1) also oxidize with 
eosin or chlorophyll and light. The only exception found was 
benzaldehyde, which was likewise found insensitive to photo- 
chemical catalysis by Raymond (7). With benzaldehyde the 
fluorescence of the dyes is extinguished. 

Those substances which do oxidize with photochemical sensi- 
tizers do so much more rapidly than with hemin, except the 
polyenes. In addition, a number of substances which do not oxi- 
dize with hemin do so with photochemical catalysts. This is prob- 
ably not merely a quantitative difference due to the far greater 
rate of photochemical oxidation, but a real qualitative difference. 
In the case of undecenic acid, for example, there is absolutely no 
reaction with hemin, and the same seems to be true for the ter- 
penes. 

With still other substances containing a double bond, we find sta- 
bility towards both types of catalysts, as with cinnamic acid which 
even inhibits the oxidation of oleic acid with hemin by the forma- 
tion of an apparently stable addition compound. 

Again, it seems that hemin cannot attack a tertiary carbon atom, 
while photochemical sensitizers can do so (linalool and pulegone). 
It also is difficult for hemin to attack terminal double bonds, as in 
undecenic and decenic acids. The reason for this is not clear. 

The general stability of the aldehyde group towards photo- 
chemical oxidation is striking. The small amount of oxidation of 
the aldehyde group in substances which also contain an ethylenic 
linkage seems to be only an induced reaction. 2 

Experiments now in progress on the chemical changes undergone 
by substances of the oleic acid group during photochemical oxida- 
tion indicate that the number of double bonds is only a little de- 
creased, probably by secondary reactions in the dark. It has 
already been shown that peroxides are not produced in either the 
hemin or the photochemical catalysis, and CO. is produced only 
with hemin. 


This work is being continued in the Research Laboratories of 
the Department of Ophthalmology, College of Physicians and 
Surgeons, Columbia University. 
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ON CATALYTIC OXIDATIONS 
V. THE OXIDATION OF ERGOSTEROL* 


By KARL MEYER 


(From the Laboratory for General and Analytical Chemistry of the Technical 
Institute of the Swiss Confederation, Zurich, Switzerland) 


(Received for publication, July 31, 1933) 


Ergosterol, according to Windaus and Bruncken (1), absorbs 1 
mole of oxygen in the presence of fluorescent dyes and natural 
light, yielding an ergosterol peroxide. In a previous paper (2), 
we have shown that ergosterol in the presence of water also ab- 
sorbs oxygen in the dark. This reaction is dependent upon the 
medium (salts and solvents). With hemin, especially if dissolved 
in the same phase as the ergosterol, an acceleration of the O» up- 
take was obtained. Under certain conditions, the autoxidation 
as well as the oxidation in the presence of hemin could be inhibited 
by HCN. 

The present report deals with a further investigation of the effect 
of the medium and of catalysts in the dark. Also the autoxidation 
properties of successive crystallization fractions were observed, 
and the photooxidation with fluorescent dyes was studied. 


EXPERIMENTAL 


The methods and apparatus used for O, absorption, irradiation, 
etc., were the same as in Papers II and III (3). The temperature 
was 37° throughout. The ergosterol was a crystalline preparation 
which contained 1 mole of water of crystallization and melted at 
159° (uncorrected). 


* This work was made possible through a fellowship of the International 
Education Board and the Rockefeller Foundation during 1928 and 1929. 
The writer wishes to thank Professor Richard Kuhn of Zurich for his kind 
interest and helpful suggestions while the experimerts were in progress, 
and to acknowledge his indebtedness to Professor H. T. Clarke and Dr. J. 
W. Palmer of Columbia University for their assistance in preparing this 
work for publication. 
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‘Table | illustrates the autoxidation of ergosterol in eyelohexanol, 
and Fig. 1 compares the autoxidation in various solvents. ‘The 
oxygen uptake in Fig. 1 is the average value per mg. of ergosterol 
per hour. The inhibiting effect of cyclohexanol is evident. Also 
the figures for the cyclohexanol curve of Fig. 1 were taken at 17 
hours, 15 minutes, while those for the other two curves were taken 
at 7 hours. At the same pH, the autoxidation under identical 
conditions in xylene is about 20 times more rapid than in cyclo- 
hexanol. The solution of ergosterol in ethyl] laurate was made up 
as a 4 per cent solution in a mixture of ethyl laurate (2 parts) and 


TABLE I 
Auloxidation of Ergosterol in Cyclohexanol. Effect of pH 


In each vessel 0.8 cc. of M/15 phosphate + 0.4 ec. of water + 0.3 ce. of 
3 per cent ergosterol in cyclohexanol. 


Oz absorbed, e.mm. 


Time 
cheery pH 6.0 pH 7.0 pH 7.5 pune 

Ars. 
1 1 0 0 4 4 2 
2 1 0 1 6 6 5 
5 2 2 4 13 15 ) 
7 3 3 7 18 18 10 
9 5 7 14 25 27 15 
10 5 7 14 28 31 16 
11 9 12 25 40 4 | 2W 
22 17 32 64 97 116 38 
24 19 36 76 139 134 | 42 


| 
| 
| 
| 


chloroform (1 part); after pipetting 0.3 ce. of the mixture, the 
chloroform was driven off in a warm current of nitrogen and re- 
placed by 0.1 ec. of ethyl laurate. 

Fig. 2 shows the autoxidation of ergosterol in xylene in the pres- 
ence of different salts. All salts were Kahlbaum’s c.p. grade, and 
the solutions were brought to pH 7 colorimetrically by the addition 
of NaOH. ‘The hexosediphosphate was a quite pure magnesium 
salt furnished by the I. G. Leverkusen. In a control without 
ergosterol, it did not absorb oxygen. 

The effect of HCN is given in Fig. 3. The HCN was freshly pre- 
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pared from a solution of c.p. KCN by the addition of the theoreti- 
cal amount of acetic acid. 

The speed of the oxidation in light of successive crystallization 
fractions of ergosterol from a mixture of equal parts of xylene and 
ether decreased, while that of the reaction in the dark increased 
from a negligible rate in the first fraction to a value about half 


| 


500 CMM. Oo 
PER MG. PER HOUR 


400 


6 pH 9 

Mic. 1. Autoxidation of ergosterol in different solvents; effect of pH. 
Curve I, 0.3 cc. of 4 per cent ergosterol in ethyl laurate + 0.8 ec. of m/15 
phosphate + 0.4 ec. of water; Curve IJ, 0.2 cc. of 3 per cent ergosterol in 
cyclohexanol + 0.8 cc. of M/15 phosphate + 0.5 cc. of water; Curve III, 
0.3 ec. of 3 per cent ergosteroi in xylene + 0.8 cc. of M/15 phosphate + 0.4 
ec. of water. Figures represent average values over a period of 7 hours 
for Curves I and ITI and 17} hours for Curve II. 


that of the reaction in light in the second fraction, and then dropped 
to an intermediate value with the third fraction and material re- 
covered from the mother liquor. The color increased from pure 
white in the first to 2 more and more yellowish hue. The sueces- 
sive fractions, when dissolved in xylene and floated on water, 
showed a typical blue fluorescence in intensities decreasing to 
zero with the material from the mother liquor. The first fraction 
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melted at 159°, had [a], in xylene of —94.35°, and, when activated 
by IeCl; and pyridine or pyridine hemin, gave a reaction as rapid 
in the dark as in the light. 

The effect of eosin with phosphate and citrate buffers is shown 
in Fig. 4. Eosin is without effect in the dark, but triples the rate 
of oxidation in light. 


+500 


2 4 HOURS 6 3 


hig. 2. Autoxidation of ergosterol in xylene in the presence of salts. 
Fach vessel contained 0.3 ce. of ergosterol in xylene + 0.4 ec. of water + 
0.8 ec. of addition. Additions: Curve I, no addition; Curve II, m/15 
citrate; Curve III, M/30 pyrophosphate; Curve IV, m/15 phosphate; Curve 
V, m/30 hexosediphosphate; Curve VI, M/15 arsenate. 


Table IT illustrates the oxidation of ergosterol with chlorophyll. 
The decided difference between the solutions in cyclohexanol and 
xylene is striking. The great difference in the rate of oxidation 
during the first 10 minutes and the later periods is also to be 
noticed. The theoretical absorption for 0.5 mole of O. per mole 
of sterol is 252 ¢.mm. In the same experiment, 0.1 cc. of the 
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chlorophyll solution absorbed with cyclohexanol 7 c.mm. and 
with xylene 22 c.mm. of O.. The chlorophyll was the ‘pure 
natural” material from Professor Stoll, and was used. in 0.1 per 
cent solution in paraffin oil. 


CMM.O5 


wom 6 


Fig. 3. Autoxidation of ergosterol in the presence of HCN. Each ves- 
sel contained 0.3 ce. of 3 per cent ergosterol in xvlene + aqueous HCN to 
make final concentration indicated + water to make total volume 1.5 ce. 
HCN concentrations: Curve I, none; Curve II, 0.05 m; Curve IIT, m/150; 
Curve IV, m/1500; Curve V, m/7500. 


Fig. 5 compares the behavior of ergosterol and cholesterol in 
eyeclohexanol with chlorophyll. Under identical conditions, 
chlorophyll alone used 8 e.mm. of Os. 

Fig. 6 demonstrates that the effeet of HCN on the oxidation 
with eosin is on the reaction in the dark only, where eosin has no 
effect. The same was shown with chlorophyll. The theoretical 
OQ, absorption for 0.5 mole of O». per mole of sterol is again 252 


C.mm. 
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TABLE II 


V 


Oxidation of Ergosterol in Cyclohexanol and Xylene with Chlorophyll 


In A, 0.3 ce. of 3 per cent ergosterol in cyclohexanol + 0.9 cc. of water 


+ 0.1 ec. of 0.1 per cent chlorophyll in paraffin oil. 


In B, 0.3 ce. of 3 per cent ergosterol in xylene + 0.9 ce. of water + 0.1 


ec. of 0.1 per cent chlorophyll in paraffin oil. 


Oz absorbed, ¢.mm. 
Time 
A B 
min, 
10 312 6 
20 312 3 
30 364 10 
40 363 
50 371 13 
60 369 15 
70 374 20 
80 375 18 
90 | 380 | 22 
400 CmM.O5 
IV, 
+500 
tl, 
+200 
HOURS 
hia. 4. 


phosphate. 


Remarks 


Light 
Dark 
Light 
Dark 
Light 
Dark 
Light 
Dark 
Light 


Photooxidation of ergosterol in phosphate and citrate. Each 
vessel contained 0.8 ec. of M/15 phosphate or citrate (pH 7.0) + 0.3 ec. of 
3 per cent ergosterol in xylene + 0.3 cc. of water + 0.1 cc. of 0.1 per cent 
eosin in 0.01 N NaOH or 0.1 cc. of 0.01 nN NaOH. 
citrate; Curve II, phosphate; with eosin: Curve ITI, citrate; Curve IV, 


Without eosin: Curve I, 


| 
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Preliminary experiments! indicate that ergosterol, when irra- 
diated with visible light in air in the presence of chlorophyll dis- 
solved in oleic acid or olive oil, undergoes a loss of optical rotatory 
power and develops antirachitic properties. ‘These changes were 
not observed when CQO.-N, mixture was substituted for air. The 
results of these and further experiments will be reported later. 


400t CMM.O> 
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Fic. 5. Photooxidation of ergosterol and cholesterol in cyclohexanol 
with chlorophyll. Each vessel contained 0.8 cc. of M/15 NasHPO, + 0.1 
ec. of 0.1 per cent chlorophyll in paraffin oil + 0.3 cc. of water + 0.1 ce. of 3 
per cent cholesterol or ergosterol in cyclohexanol. Curve I, cholesterol; 
Curve II, ergosterol. 


DISCUSSION 


The autoxidation of ergosterol in the dark is a typical heavy 
metal catalysis: it is inhibited by cyanide and accelerated by 
iron. If well purified, the oxygen uptake falls nearly to zero. 
With iron, slightly over 3 moles of oxygen are taken up, and no 
CQO. is formed. 


1 The author wishes to thank the Ciba, Basel, Switzerland, for permission 
to carry on a few experiments in their laboratories, and especially Dr. 
Tschopp of their Pharmacological Department for making the tests for anti- 
rachitic activity. 
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The catalysis is dependent upon the pH, being optimum be- 
tween 7.5 and 8.0. It should be noted that the pH given is that 
of the buffer added, and does not necessarily represent that in the 
organic phase or at the interface. 


+600 CMM. O> 
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Fic. 6. Photooxidation of ergosterol with eosin; effect of HCN. Each 
vessel contained 0.3 ec. of 3 per cent ergosterol in cyclohexanol + 0.1 cc. of 
0.1 per cent eosin in 0.01 N NaOH or 0.1 cc. of 0.01 N NaOH + HCN to make 
final concentration indicated + water to make total volume 1.5 cc. Curve 
1, ergosterol alone; Curve II, ergosterol with eosin; Curve III, ergosterol 
with eosin and mM/150 HCN; Curve IV, ergosterol with eosin and m/7500 
HCN. 


The rate of O, uptake is also dependent upon the solvent. For 
example, under identical conditions at pH 8 with phosphate, 0.3 
ee. of 3 per cent ergosterol took up the following amounts of oxygen 
(in e.mm.): with xylene, 322; with ethyl laurate, 163; with cyclo- 
hexanol, 18. In the photochemical oxidations the influence of 


400 
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the solvents is in the reverse order. We do not know whether or 
not the mechanism of the accelerating effect of phosphate and ar- 
senate is the same here as in the case of the fructose oxidation 
studied by Warburg (4). 

The second type of autoxidation of ergosterol is the slow O, 
uptake upon irradiation with visible light without catalyst. Ap- 
parently the blue fluorescence appearing when ergosterol solutions 
ure spread on water is connected with this phenomenon, since 
when this fluorescence is stronger the oxidation in light is more 
rapid. 

The third type of oxidation of ergosterol occurs in light in the 
presence of fluorescent dyes. With eosin the O, uptake is 1 mole 
or slightly more, and according to Windaus and Bruncken (1) 
ergosterol peroxide is formed. In the presence of chlorophyll less 
than 1 mole of oxygen is taken up. Our best experiments indicate 
that the rate of oxidation falls abruptly after 0.5 mole is absorbed. 
New experiments show that the same is true for oleic acid with 
chlorophyll. We are now attempting to determine whether the 
reaction is a dehydrogenation, a hydroxyl formation, or an ethylene 
oxide formation. We feel that the latter can be excluded. 

The oxidation of cholesterol in the presence of chlorophyll is 
very slow. We were not able to oxidize this sterol with any of the 
other catalysts we used. 


SUMMARY 


Ergosterol shows three different types of oxidation. (1) An 
autoxidation in the dark which is inhibited by HCN, increased by 
iron compounds, and nearly eliminated upon carefut purification; 
this reaction slightly exceeds an uptake of 3 moles of oxygen and is 
dependent upon the solvent and ions present. (2) A photochemi- 
cal oxidation without a sensitizer. (3) A photochemical oxidation 
with sensitizers; eosin and chlorophyll act differently in that with 
eosin the oxygen uptake is about 1 mole, while with chlorophyll 
it is about 0.5 mole. 


This work is being continued in the Research Laboratories of the 
Department of Ophthalmology, College of Physicians and Sur- 


geons, Columbia University. 
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HEMOGLOBIN PRODUCTION 


IV. EVALUATION OF THERAPEUTIC AGENTS IN ANEMIA, DUE TO 
MILK DIETS, BASED ON A STUDY OF THE BLOOD AND BONE 
MARROW OF RATS FROM BIRTH TO MATURITY* 


By THOMAS FITZ-HUGH, Jr., GEORGE M. ROBSON, ft anp 
DAVID L. DRABKIN 


(From the Departments of Medicine, Pathology, and Physiological Chemistry, 
School of Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, August 15, 1933) 


Although most investigators of anemia due to milk diet in rats 
have agreed upon the effectiveness of iron-copper therapy in this 
condition, the recent literature indicates that the question of the 
specificity of copper is not completely settled. With reference to 
the effectiveness of iron-glutamic acid therapy, published results 
express a variety of divergent opinions which state that glutamic 
acid is effective without added copper (1), that glutamie acid is 
effective under special conditions (2), that glutamic acid renders 
iron-copper therapy more effective (3), that glutamie acid is 
without effect therapeutically (4). Most of the investigations in 
this field have been based mainly on hemoglobin determinations, 
with secant attention to correlated changes in red cells, reticulo- 
cytes, and red bone marrow. Little attempt has been made to 
establish the hematologic ‘‘normal” of the particular strains of 
rats employed, and in most instances the period of observation of 
maintenance of therapeutic effects has been too short. We have 
felt that a study which would meet the above criticisms might 
serve to eliminate some of the confusing differences of opinion by 
furnishing a more adequate basis for the interpretation of thera- 
peutic results in anemia due to milk diet. 


* These data were presented in a demonstration at the meetings of the 
Federation of American Societies for Experimental Biology at Philadelphia, 
April 29, 1932. 

Deceased. 
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In this paper are presented determinations of hemoglobin, red 
cells, and reticulocytes of the blood, and estimations of the relative 
cellularity of the red bone marrow (a) in normal rats from birth to 
150 days of age under standard laboratory conditions, (b) in rats 
on an exclusive milk diet begun at an average age of 27 days and 
maintained for as long as 120 days, and (c) in rats rendered anemic 
by 45 days of milk feeding and then treated by supplementing the 
milk with iron, iron and copper, and iron and sodium glutamate, 
the therapy being initiated at an average age of 70 days and con- 
tinued for about 75 days, a therapeutic period considerably longer 
than usual. 


Methods 


Albino rats, of an original Wistar strain, reared through succes- 
sive generations for 8 years in our laboratory on a slightly modi- 
fied Steenbock diet (5), were used. They were kept in pairs or 
singly, except in the case of nurslings, in relatively new galvanized 
iron cages. The drinking water was redistilled from glass. The 
milk was Walker-Gordon certified, collected at the dairy in metal- 
lie containers.!. The iron, copper, and sodium glutamate were 
of the same origin and purity' as those employed in previous 
studies (1). 


1The Walker-Gordon milk, available in the Philadelphia market, is 
produced at Juliustown, where it is collected in metallic containers. This 
is the milk we have used in most of our studies. Two samples, 1 liter each, 
by the ethyl xanthate-pyrophosphate technique (6), were found to contain 
0.27 and 0.29 mg. of copper. Walker-Gordon milk produced at Plainsboro 
is collected in Pyrex glass jars on the rotolactor, but comes in contact with 
metal during the process of cooling, etc. According to our analyses upon 
200 cc. samples, this milk contained an average of 0.26 mg. of copper per 
liter, a value practically identical with that obtained upon the milk col- 
lected in metallic containers. However, milk which had not come in con- 
tact with metal was kindly supplied us by the Walker-Gordon laboratories. 
Four different samples of this milk yielded the following analyses: 0.18, 
0.18, 0.19, 0.22 mg. per liter. From these figures we conclude that the milk 
used routinely in our work contained about 32 per cent more copper than 
similar milk which has not come in contact with metal. 

By the Biazzo-pyrophosphate technique (6) 50 gm. of the glutamic acid 
used in our studies were found to contain 0.055 mg. of copper; 50 gm. of 
glutamic acid to which 0.1 mg. of copper had been added contained 0.16 
mg. of copper. Since an equivalent of 70 mg. of glutamic acid was fed 
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Blood samples were usually obtained by clipping the tail. 
Bleeding was stopped by cauterization. From new born rats, 
however, to obtain sufficient blood it was necessary sometimes to 
amputate extremities or to cut jugular vessels. 

Hemoglobin was determined by colorimetric comparison of 
acid hematin solutions with a Newcomer plate, calibrated accu- 
rately on the basis of oxygen capacity by the Van Slyke method. 

Erythrocyte and leucocyte counts, and in many instances 
hematocrit determinations of cell volume and micrometer measure- 
ments of red cell diameter, were made in the usual manner with 
standardized apparatus. Spreads of blood stained with Wright’s 
stain were examined. Reticulocyte percentages were determined, 
in each sample, by a count of reticulocytes per 1000 red cells. <A 
wet technique with brilliant cresyl] blue stain was employed. To 
insure even distribution of cells, a thin blood film and relative 
freedom from stain débris, the stained cover-slip was allowed to 
remain in contact with the blood for only 5 to 10 minutes. The 
cover-slip was then lifted off the slide and replaced by a fresh, 
unstained cover-slip. This procedure, which is not commonly 
practised, we feel minimizes the not inconsiderable error inherent 
in reticulocyte methods in general. In the usual technique it is 
difficult to avoid an accumulation of cells at the periphery of the 
cover-slip, and a number of the more mature reticulocytes with 
only a few granules or filaments of reticulum may be easily over- 
looked. The count was facilitated by limiting the field to a small 
number of cells by the use of an eye-piece diaphragm in the micro- 
scope, and the use of a small, hand counting machine. By wet 
technique we mean a direct determination after stdining, so that 
even slight drying is avoided. Only a part of these data is pre- 
sented at this time. 


per rat per day, the amount of copper contamination through this source 
was of the order of 0.00008 mg., a quantity at present considered ineffective 
therapeutically in anemia due to milk diets. The criticism of the Biazzo- 
pyrophosphate method by Elvehjem and Hart (7) is open to question, since 
the latter, by adding pyrophosphate to their solutions while strongly acid, 
have failed to repeat the technique suggested by Drabkin and Waggoner 
(6). More recently, furthermore, McFarlane (8) has confirmed the effec- 
tiveness of pyrophosphate in the separation of iron from iron-copper 
solutions. 
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During the course of the study at intervals some rats from the 
different experimental groups were sacrificed and an independent 
histologic examination? was made of the blood-forming organs. 
Only the data pertaining to the cellularity of the bone marrow are 
reported. The bones were fixed in a Zenker-formol solution. 
They were decalcified by means of immersion in 2 per cent nitric 
acid for a short period of time. Overexposure to acid, since it 
injures the tissues, was avoided by periodic examination. The 
decalcified bones were washed in running water for 24 hours, and 
embedded. Longitudinal sections through the mid-portion of the 
entire bones were cut and stained with hematoxylin and eosin. 
The figures are based upon the average percentage of cellular and 
of fatty marrow of the femur, tibia, humerus, and radius examined 
in each animal. Systematic studies of the bone marrow have 
rarely been made (9). As far as we know, such studies have not 
been carried out in anemia due to milk diet of rats. In man and 
larger animals such studies present unusual difficulties (9), since 
great variations exist in the distribution of the cellular elements 
within the bone marrow. Due to the fact that whole bones may 
be readily employed in the rat, this species is ideal for this type of 
study. 


Results 


The data upon normal rats are presented in Chart 1. The 
hemoglobin at birth was proportionately higher than the red cells 
when compared with our normal mature rat standards. There 
was an apparent fall in hemoglobin, from a birth level of about 12 
gm., to about 6.5 gm. per 100 ec. of blood at the end of the first 
3 weeks of life. The red cells, on the contrary, exhibited no such 
drop. The reticulocytes constituted over 90 per cent of the red 
cells at birth. They decreased rapidly to 35 per cent of the red 
cells at 7 to 10 days of age and reached a final level of 5 to 15 per 
cent in our animals at 40 to 50 days of age. Individual rats of 
the same age exhibited fairly wide differences in each or all of the 
elements studied. 


* The bones of the rats were labelled by key numbers and sent to Dr. 
Robson in the Department of Pathology. The results of the histological 
examination were therefore reported by him without knowledge of the 
previous history of the rats. 
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If the 140 day group is taken as standard normal for our rats, 
we have 15 to 16 gm. of hemoglobin per 100 cc., 8,000,000 red cells 
per c.mm., and reticulocytes about 10 per cent (+5) or 800,000 
reticulocytes per c.mm. ‘These figures were used as the basis for 
the interpretation of the effectiveness of the various therapeutic 
procedures (see Chart 2). 

On the basis of 16 gm. of hemoglobin and 8 million red cells 
taken as 100 per cent, the color index at birth was obviously quite 
high (12 gm. being 75 per cent of normal, and 3 million red cells 
being 37 per cent of normal, the color index was 75/37 or 2.0). 
This means that the rat red cells at birth were either relatively 
much larger*® or the hemoglobin was more concentrated (or both) 
than was the case at the more mature age. 

Chart 1 also shows the data upon the course of anemia due to 
milk diet. The hemoglobin fell more rapidly and reached a rela- 
tively lower level than the red cells. At 70 days of age (after 
40 to 45 days of milk diet) the hemoglobin averaged about 6 
gm. in contrast to the normal level of 15 gm. at this age, and the 
red cells averaged about 5 million in contrast to the normal of 7.5 
million per c.mm. On this basis the anemia due to milk diet 
was obviously of hypochromatie type with a color index of about 
0.5. The reticulocytes increased from an initial level of about 17 
per cent (7.e. 1,100,000 reticulocytes per c.mm.) to 35 per cent 
after 20 days of milk diet (7.e. 700,000 reticulocytes per c.mm.). 
At 70 days of age (after 40 to 45 days of milk feeding) they had 
again fallen to about 15 per cent of the red cells (see bone marrow 
data (Chart 3) at this stage of anemia due to milk diet). Pro- 
longation of the anemia beyond this period resulted 4n a still more 
marked decline in hemoglobin, to 2.5 or 3 gm., in red cells to about 


§ Hemoglobinemia, if present, would tend also to increase the color 
index. We have evidence, however, that the mean red cell diameter and 
the ‘‘volume index” in the first few days of life are considerably greater 
than in the mature animal. For example, a 4 day-old rat had 3 million red 
cells per c.mm., 10 gm. of hemoglobin per 100 ec., 45 per cent red cell volume 
(Van Allen hematocrit), and a mean red cell diameter. (1000 cells measured 
in plotting a Price-Jones curve) of 7.6u. A rat 144 days old on the stock 
diet had 8 million red cells, 14 gm. of hemoglobin, 55 per cent cell volume, 
and a mean red cell diameter of 6.94. If the latter figures are accepted as 
the normal standard (volume index = 1) then the 4 day-old rat’s blood 
shows the remarkably high volume index of 2.1. 
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3.5 million, and an increase in reticulocytes to about 40 per cent 
(at 130 days of age after 100 days of milk feeding). Some of the 
animals subsequently succumbed with persisting high reticulocy- 
tosis and a profound microecytic,* hypochromatic anemia. 

The data upon the response of anemia due to milk diet to various 
therapeutic agents are presented in Chart 2. In the ease of iron 
therapy, there was a reticulocyte crisis which reached its peak (40 
per cent or 2,400,000 per ¢c.mm.) after about 20 days of treatment, 


CHarr 


but did not subside to normal levels at any time. ‘This persisting 
reticulocytosis (20 to 25 per cent or 1,600,000 per ¢.mm.) went 
hand in hand with a very incomplete hemoglobin recovery, a 


‘4 days before death from anemia due to milk diet a rat of 140 days of 
age had a red cell count of 2,200,000, hemoglobin 2 gm., reticulocytes 26 per 
cent, hematocrit reading of 11 per cent cell volume, and a mean red cell 
diameter of 6.lu. This gives a color index of about 0.5 and «a volume index 
of 0.7. 
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poorly sustained red cell recovery, and an extremely hyperplastic 
red bone marrow (see Chart 3). The red cell recovery under iron 
administration was much better than the hemoglobin recovery, 
leaving a definitely hypochromatie, microcytic, plastie type of 
anemia as a result. 

With iron-copper therapy the peak of the reticulocyte crisis (35 
per cent or 1,900,000 per c.mm.) was reached about the 11th day 
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of therapy and there was subsequently an almost but not quite 
completely normal subsidence of reticulocytes, together with a 
similarly almost complete recovery of hemoglobin and red _ cells. 
Here again the red cell recovery was more complete than the hemo- 
vlobin and both tended to decline toward moderate anemic levels 
with continued treatment. 

With iron and sodium glutamate therapy the reticulocyte peak 
(40 per cent or 2,000,000 per c.mm.) was reached sooner than in the 
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other experiments. It appeared in some rats after only 3 days of 
treatment and in others after 8 days of treatment. The prompt 
subsidence of reticulocytes to completely normal levels was ob- 
served only in this group. With this there occurred the most satis- 
factory and prompt recovery of hemoglobin and red cells that 
was observed in any of the groups treated. In keeping with this 
the bone marrow (Chart 3) showed less red cell hyperplasia at the 
end of the treatment than in any other group of treated rats. 
IXven in this group, however, there was a tendency for relapse 
toward the end of the experiment. 


CELLULAR/ITY OF BONE MARROW DURING TREATMENT OF ANEMIA 
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The magnitude of cellular hyperplasia of the red bone marrow 
(relative to fatty marrow) of rats of the different experimental 
groups is shown in Chart 3. The results of this study were surpris- 
ingly consistent with our hematologic data. On the stock diet, 
during early life when the percentage of reticulocytes was high, 
the bone marrow was proportionately highly cellular. In the 
mature animals on the stock diet the cellularity was relatively low, 
although the picture was not that of the relatively acellular mar- 
row of normal adult man (9). During anemia due to milk diet 
the cellularity of the bone marrow was variable, though somewhat 
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higher than that of the normal adult rat. At the onset of all the 
three forms of therapy, stimulation of the bone marrow was indi- 
cated by a marked increase in cellular elements. ‘This increase 
appeared most marked in the case of iron-sodium glutamate ad- 
ministration. ‘The amount of data, however, was insufficient to 
conclude that this relatively greater hyperplasia was indicative of 
greater effectiveness of stimulation. In the ease of iron the cellu- 
larity of the marrow remained high throughout the long period of 
its administration. With continuance of iron-copper or iron- 
sodium glutamate therapy, on the other hand, the bone marrow 
returned to the relatively less cellular condition characteristic of 
the normal, adult animals. The disappearance of the hyperplas- 
tie condition was apparently most marked in the iron-sodium 
vlutamate-treated animals, whose anemia was most nearly cured 
as indicated by the blood studies. It is interesting that the hyper- 
plasia of the bone marrow persisted in the rats whose anemia was 
only partly cured by iron administration. Chart 3 also indicates 
that the degree of reticulocytosis and cellularity of the marrow 
was relatively parallel in magnitude. 


DISCUSSION 


The longer period of experimentation permitted an unequivocal 
confirmation of the fact that iron therapy was ineffective in our 
anemic rats fed milk diets. On the other hand, the long period 
of experiments also demonstrated the important fact that, al- 
though both iron-copper and iron-sodium glutamate were effective 
therapeutically, in our rats neither form of therapy accomplished a 
permanent cure of the anemia due to milk diet, asjudged by the 
blood picture of our normal, untreated rats of the same age upon 
the stock diet. The rates of regeneration of hemoglobin upon 
synthetic diets, studied by Drabkin and Waggoner (6), greatly 
exceeded those observed in the present experiments. 

When our data as a whole were considered, the following points 
were brought out. (a) In comparison with normal standards 
for man, our normal rats had high reticulocyte counts. It was 
also evident that the reticulocyte counts of our normal rats were 
appreciably higher than those previously reported for this species 
(10). That the high values cannot be ascribed to the vagaries of 
technique will be evident in a forthcoming paper from the data on 
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rats of another colony with appreciably lower reticulocyte counts 
(by the same technique). 

(b) At weaning (21 to 25 days of age), our rats were relatively 
anemic, although they had not as yet consumed cow’s milk. The 
fall of hemoglobin from birth to weaning, during a period of 
gradual increase in red cells, was one of the more interesting ob- 
servations, and will receive further study as it may be of signifi- 
cance in the problem of hemoglobin metabolism. 

(c) Although in a general way hemoglobin and red cells were 
observed to decrease or increase simultaneously, our data do 
not show a direct relationship between these blood constituents. 
The stimulation of the two by therapeutic agents may be inde- 
pendent functions. With iron alone, for example, although hemo- 
vlobin recovery was slight, red cell increase, at one stage in the 
experiments, was of appreciable magnitude. 

(d) Two characteristic changes were looked for in the reticulo- 
cyte studies—an early reticulocyte crisis (evidence of effective 
stimulation) and the subsequent fall of these elements to pre- 
anemic levels. In the case of the iron-sodium glutamate-treated 
rats, the crisis came earlier than in the other treated animals, and 
only in this group did the reticulocytes return definitely to pre- 
anemic levels. 

(ec) A new index of treatment was furnished by the study of 
the bone marrow. There appeared to be some correlation between 
the reticulocytosis and the cellularity of the fatty marrow. With 
anemia, there was evidently some increase in cellularity, perhaps 
an index of stimulation due to the anemia itself. With inclusion 
of therapeutic substances in the dietary, evidence of bone marrow 
stimulation was definite in the case of all forms of therapy used. 
However, with effective therapeutic agents, the main influence 
was the subsequent return from the hyperplastic condition to the 
relatively less cellular bone marrow of non-anemic adult rats. 
Thus, with iron alone, the stimulus to the bone marrow was defi- 
nite, but the high cellularity persisted with continued treatment, in 
contrast with the effects of iron-copper and iron-sodium glutamate. 
From the point of view of completeness of return to a normal 
bone marrow, in our animals, the iron-sodium glutamate therapy 
was best. The persistence of high cellularity of the bone marrow 
with iron treatment was probably related to incomplete return to 
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normal levels of the reticulocytes. It furnished evidence that iron 
did have a characteristic function in this form of anemia, the high 
cellularity of the marrow probably being an indication of the pro- 
duction of new cells, but there was still a lack of some further step 
in the process of recovery, which would permit the production of a 
mature type of red blood cell with a normal hemoglobin content. 

The copper analyses! upon large samples, carried out by one of 
us (D. L. D.) indicated that the copper content of the glutamic 
acid was negligible. The therapeutic results with iron-sodium 
glutamate in our rats were more than favorable when compared 
directly with those of maximal iron and copper therapy. Fur- 
thermore, our anemic animals have failed to recover with iron 
therapy alone. Under these circumstances the effectiveness of 
iron and sodium glutamate in anemia due to milk diet could not 
be explained adequately upon the basis of unusual copper reserves 
in the animals or copper contamination. 


SUMMARY 


In this study of anemia in rats, due to the exclusive feeding of 
milk, we have used periods of time longer than usual for the obser- 
vation of maintenance of therapeutic effects. 

The results of therapy were interpreted upon the basis of the 
normal blood picture of the rats of our colony. The standard 
adopted was the blood picture of adult untreated rats reared upon 
a commonly employed stock ration. The data used were upon 
hemoglobin, red cells, and reticulocytes, rather than hemoglobin 
alone, and the cellularity of the bone marrow. For the latter 
study the rat was found to be ideally suited. The bone marrow 
studies furnish a new index of therapy, and present some inter- 
esting correlations with the blood data. 

In our rats, iron therapy stimulated the bone marrow to in- 
creased cell formation, but did not cure the anemia. Both iron- 
copper and iron-sodium glutamate were effective therapeutic 
agents, the latter being somewhat superior. None of the forms of 
therapy employed, however, was completely adequate from the 
standpoint of continued maintenance of effect. 
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THE FORMS OF THE CALCIUM AND INORGANIC 
PHOSPHORUS IN HUMAN AND ANIMAL SERA 
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HYPERCALCEMIA 
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(From the Department of Pathology, College of Physicians and Surgeons, 
Columbia University, New York) 
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It has been shown by Smith and Sternberger (1) that when a 
completely filtrable calcium salt, such as CaCle, is added to animal 
serum 7n vitro, an increase in the non-filtrable as well as the filtrable 
calcium results. Indeed, there is a tendency toward a propor- 
tionately greater increase in the non-filtrable component. Simi- 
larly, these workers have found that the hypercalcemia in dogs 
following injections of such calcium salts is due to proportionate 
increases in the serum of both fractions of calcium. 

In Paper I of this series (2) data were presented on the compara- 
tive partitions of calcium in the serum of a dog in which various 
types of experimental hypercalcemia had been induced. In this 
animal the proportions of filtrable and non-filtrable calcium re- 
mained practically unchanged in hypercalcemia caused by in- 
jections of calcium gluconate, by injections of parathyroid ex- 
tract (parathormone), or by administration of irradiated ergo- 
sterol (viosterol). Further data confirming these results have 
been obtained in more recent experiments of this kind. More- 
over, an opportunity arose of examining the partition of calcium in 
the sera of two codfish which were found to have the physiological 
type of hypercalcemia occurring during the spawning season. ‘The 
results of these determinations indicated that in this condition, 
also, the filtrable and the non-filtrable fractions of the calcium 
maintain the same proportionate relationship. 

When the studies were extended to include a second variety of 
physiological hypercalcemia, that which occurs in hens during the 
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laying period, a remarkable difference from the condition obtain- 
ing in the types previously investigated was discovered. In this 
species, the enormous increase in the total calcium of the serum 
which accompanies the production of eggs is brought about en- 
tirely through a rise in the level of the non-filtrable portion. ‘The 
contrast between this and the other varieties of hypercalcemia 
seemed sufficiently interesting to warrant further study, particu- 
larly since the change occurring in the serum of the hens is con- 
cerned with the non-filtrable calcium, a fraction which, by means 
of adsorption experiments, we have previously shown to be divis- 
ible into two component parts (2). The differentiation of these 
varieties of calcium was based on the fact that when serum and 
the corresponding ultrafiltrates are shaken with BaSO, differing 
amounts of calcium and of inorganic phosphorus are adsorbed 
from each. ‘The application of this technique to the analysis of 
calcium permits the separation of the following forms of this ele- 
ment in serum: (1) a filtrable, adsorbable Ca-P complex; (2) a 
filtrable, non-adsorbable fraction containing the ionized calcium; 
(3) a non-filtrable, adsorbable fraction; and (4) a remainder, 
neither filtrable nor adsorbable, usually described as ‘‘protein- 
bound” calcium. 

From the standpoint of such a classification, it was of interest to 
learn whether the great increase in non-filtrable calcium occurring 
in the physiological hypercalcemia of laying hens was referable to 
a rise in the level of the protein-bound calcium, or whether it was 
due to an increase in the amount of the non-filtrable, adsorbable 
fraction or to a combination of both factors. It seemed likely, 
also, that a comparison of these more detailed analyses with the 
corresponding partitions in the various types of experimental 
hypercalcemia might reveal other instructive differences. Accord- 
ingly, experiments of this nature are included in the present report. 
Since the completion of this work an interesting report by Laskow- 
ski (3) has come to our attention, in which this author makes obser- 
vations similar to ours regarding the filtrability of the calcium in 
the serum of laying hens. He states, moreover, that the addition 
of calcium salts to the serum of these birds produces changes 
like those reported by Smith and Sternberger in the case of dogs. 
We have learned that similar results have recently been obtained 
in some unpublished work by Taylor (4) at the New Brunswick 
Agricultural experiment Station. 
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In studies dealing with calcium in serum it becomes necessary 
to take account of the simultaneous changes in inorganic phos- 
phorus, because of the close relationship existing between these 
two elements. Thus, it is known that an increase in phosphorus 
depresses the ionization of calcium and it has recently been shown 
(2) to increase the level of the filtrable adsorbable Ca-P complex. 
In hypercalcemia, moreover, the phosphorus which is normally 
completely filtrable becomes partly non-filtrable. 

The inorganic phosphorus in normal serum is partially adsorb- 
able by BaSO,;. The amount adsorbed from the ultrafiltrate and 
from the serum isthe same. In other words, unlike the adsorbable 
calcium the adsorbable phosphorus is normally completely ultra- 
filtrable. The inorganic phosphorus is therefore separated by 
the technique described above into (1) a filtrable, adsorbable 
(‘a-P complex (see Fraction 1 of the calcium) and (2) a remainder 
which contains phosphate ions. 


Methods 


‘The methods used were the same as those already described (2). 
One change was introduced. For purposes of convenience the 
ultrafiltrates were usually kept overnight at ice box temperature 
before the adsorption test was carried out on them. Parallel de- 
terminations on ultrafiltrates used at once and kept overnight 
showed no difference. ‘This procedure, besides saving time also 
made it possible (with both serum and ultrafiltrate) to continue 
the shaking with BaSO, for 3 hours instead of 2, as previously 
recommended. This was advantageous because it was noticed 
that although 2 hours were usually sufficient for complete ad- 
sorption, in certain sera a small additional amount of calcium was 
adsorbed in the 3rd hour. 

Cholesterol was determined by Leiboff’s method (5). 

The procedure for the production of experimental hypercalcemia 
in the dogs was the same as that already described. It will be 
repeated here briefly, for the sake of clarity. The diet consisted 
of chopped meat, corn oil, bread, and milk. All types of hyper- 
ealeemia were usually induced in the same animal. After the 
determinations on the normal serum had been made, 50 ce. (in 5 
ec. amounts) of a 10 per cent caleium gluconate solution (Calcium- 
Sandoz) was injected subcutaneously and the animal bled 1 hour 
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later. After a suitable interval the injections of parathyroid ex- 
tract (parathormone, 20 units per ce.) were begun. Three 1 cc. 
doses daily for 2 or 3 days usually resulted in the production of an 
adequate hypercalcemia. Another interval was allowed, after 
which irradiated ergosterol in the form of a highly potent vio- 
sterol preparation (10,000 X) was administered by mouth, 2.5 cc. 
being given daily. In 2 to 7 days the animals showed evidences of 
hypercalcemia. 


TABLE I 
Calcium and Inorganic Phosphorus Fractions in Hypercalcemia 
Ca, mg. per 100 ce. P, mg. per 100 cc. 
Animal No. | 3 8 3 
81 
isi 2 
ma. 
cent | 100 
cc. 
Rooster None 10.7' 6.9; 5.9) 4.3) 6.1) 4.3!) 3.8) 2.9) 4.4) 140 
Hen 202 | Laying 26.2) 5.0/13.6) 1.1) 7.5) 5.1) 4.2) 4.2! 6.4 
838 30.1) 3.1) 7.2} 5.1) 4.2) 3.8) 7.1 
33.6) 7.0 22.6 7.5) 4.6) 4.9 7.0 
“ 29.9) 9.011.6} 5.1) 6.3} 3.5) 3.3 6.7 213 
20.9) 5.8 8.3 5.4) 3.5) 3.4 6.6 
21.41 7 1) 2.6) 3.5) 2.3) 2.5 5.6) 146 
“ 655 25.3) 9112.2) 4.4) 6.1] 3.9) 4.0 5.8) 153 
“ aver- 26.8) 6.9)13.0) 3.2) 6.2) 4.0) 3.8 6.4 
age 
Dog 560 | None 11.0) 6.2) 3.9) 3.1) 3.4] 3.6) 2.3) 2.4) 7.1 
566 11.5) 6.6] 4.9) 4.0) 4.7) 5.2) 3.1) 3.1) 8.2 
* 665 2 10.6 4.4 5.2) 4.9) 3.6) 3.0 
10.7) 6.4) 4.1) 3.9) 5.3) 5.0) 3.8! 3.1) 8.8 
11.9} 6.8) 6.8) 4.4) 5.1) 4.9) 3.5) 3.1) 8.4 238 
11.8; 7.0) 5.8) 5.2) 4.9} 4.7) 3.1) 3.5) 8.2) 227 
12.6 7.6 5.7) 4.8) 6.6) 6.6) 4.1) 3.6 6.9 
= 5.1) 4.6) 5.8) 6.0) 3.2) 3.3 6.9 
11.3) 7.3) 4.3) 4.4) 3.9) 4.6) 3.2) 3.2) 6.5 
12.0) 7.0) 6.8) 4.8) 8.0) 7.9) 6.9) 6.2) 7.5 
aver- 11.5| 6.9 5.2 4.3) 6.3) 5.4) 3.7) 3.5) 7.6 
age 
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TABLE I—Concluded 


Ca, mg. per 100 ce. P, mg. per 100 ce. 
os = a 
a] 
18181814 
mg. 
per | per 
cent |} 100 
ce. 
Dog 560 | Ca gluconate [15.3} 8.1) 7.2) 4.3 6.2 
565 13.3) 7.4) 6.4) 4.1 4.9 
14.7) 7.8) 6.8) 5.8) 7.2) 6.8) 4.8 4.9 8.2 
@3 17.6) 9.1) 8.4) 5.4) 6.3) 5.0) 4.4) 3.7) 9.5, 182 
“ 560 | Parathormone {15.8} 8.3) 6.3) 4.2) 4.2) 3.7) 3.5) 2.6) 8.5 
“565 15.6} 8.1) 8.4) 4.1) 7.0) 6.1) 4.7) 4.0) 8.6 
“ @3 18.4) 6.5) 7.0) 3.9) 5.1) 3.1) 3.1) 1.6|10.4) 234 
“ 933 15.9} 8.6) 7.0) 5.6) 4.0) 3.5) 2.7) 2.2) 176 
18.5} 8.3) 9.1) 5.4, 7.0) 5.0) 5.3) 3.6)12.5} 206 
560 Viosterol 16.4); 9.0) 6.3) 5.1) 5.1) 4.7) 3.9) 3.5) 8.0 
“565 14.5} 6.8) 5.5) 6.6) 6.2) 4.6) 4.2) 7.8 
“ 933 - 12.1} 6.1] 7.3) 4.0) 7.0) 6.4) 5.2) 4.3 195 
“933 17.1] 7.8)10.6;) 4.2) 7.2) 5.8 5.1} 4.1 141 
17.4) 7.7; 8.8) 4.0) 6.4) 4.4) 4.8) 3.1/12.2 132 
17.9} 9.0) 9.2) 5.5)10.4| 5.6) 4.4 7.0 
“140 | 19.6} 8.9) 9.4) 5.8) 8.9) 6.2) 5.7) 3.1) 8.6 
“ 96 Serum+ CaCl, {20.8} 9.6/10.3) 6.7) 7.9] 6.2. 7.8) 5.8) 7.5 
in vilro 
20.7) 8.6) 4.9| 6.7) 4.1) 4.8) 2.4) 6.9 


As in the previous papers in this series all values for filtrable calcium 
and phosphorus are corrected for the volume occupied by the serum pro- 
teins. The corrected results are in terms of 100 ce. of serum and the values 
for the ultrafiltrates can therefore be compared directly with those for the 
sera. The formula applied in making this correction was (corrected value) 
= (observed value)  100/(100 + (0.75 X per cent serum protein)). 

0.75 is the specific volume of serum proteins (6). 


Physiological Hypercalcemia of Hens 


Partition of Calctum—The experimental data are given in Table 
I and in Table II the calculated partitions are presented. It will 
be noted that the tremendous increase in the level of calcium in the 
serum of laying hens is not reflected in either of the filtrable frac- 
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tions. Indeed, while the amount of the ion-containing compo- 
nent may be slightly raised, the adsorbable fraction frequently is 
actually diminished and the sum of these two forms remains within 
normal limits. On the other hand, a marked rise occurs to -an 
approximately equal extent in each of the non-filtrable fractions. 
The hypercalcemia of laying hens ts therefore due to the increase tn the 
level of both non-filtrable forms of calcium. As was to be expected, 
the elevation of the “protein-bound” fraction is accompanied by a 
concentration of protein in the serum which is about 50 per cent 
higher than the normal for this species. An attempt to discover 
a possible relationship of the cholesterol of the serum to the change 
in level of the non-filtrable adsorbable calcium was without success. 

The hypercalcemia of hens thus affords a second illustration of 
the fact that determinations merely of the amount of total calcium 
do not necessarily convey adequate information regarding the 
state of this element in serum. It has previously been shown that 
the normal total and filtrable calcium in the serum in rickets ob- 
scure completely the marked fall in the level of the filtrable, ad- 
sorbable calcium occurring in this disease. In this connection it 
is of interest also that the hypercalcemia of laying hens, which is 
presumably associated solely with egg production, fails to involve 
an increase in the amount of the filtrable Ca-P complex. This 
form of calcium has been found to be the one primarily concerned 
in calcification of bone (7). 

Partition of Phosphorus—The values for the total phosphorus as 
well as those for the various phosphorus fractions (Table I) are 
very similar in the serum of the rooster (normal) and in that of 
the laying hens (hypercalcemia). ‘They are of interest primarily 
for this reason, since in experimental hypercalcemias both the 
total phosphorus and the various phosphorus fractions are in- 
creased. ‘The filtrability of the phosphorus is surprisingly low in 
chickens and is reduced further only very slightly in the hyper- 
calcemic sera. 


Kaperimental Hypercalcemia of Dogs 


Partition of Calctum—It has been emphasized that from a 
physiological standpoint it is the absolute concentration of the 
various fractions of calcium in the serum rather than their rela- 
tionship in terms of per cent which is of greatest importance to the 
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organism. However, since each of the fractions is usually in- 
creased in experimental hypercalcemias it becomes advantageous 
to analyze the data on a percentage basis in order to detect dis- 
proportionate changes in the partitions. In the previous report 
on experimental hypercalcemia in a dog it was stated that all 
fractions of the calcium were increased to approximately the same 
degree in the various types of hypercalcemia. However, certain 
small differences were apparent in the responses to the three agents 
used. Thus, administration of viosterol regularly resulted in 
slightly greater increases in the protein-bound and in the filtrable 
adsorbable fractions than did calcium gluconate or parathormone. 
On the other hand, the largest percentage rise in the ion-containing 
fraction followed injections of parathormone. Such reactions are 
illustrated in the serum of Dog 565 (Table II). In subsequent 
work, however, it was found that responses of this type are not 
necessarily characteristic. In three of the six dogs studied marked 
irregularities occurred, those found in the serum of Dog 933 (Table 
II) constituting the most extreme example. In this instance an 
actual reduction in the filtrable adsorbable Ca-P complex in the 
serum occurred during hypercalcemia induced by viosterol, and 
the greatest increase in the ion-containing fraction was caused by 
this agent rather than by parathormone. 

The various relationships are perhaps best shown in the com- 
parative analysis of the different types of hypercalcemia illustrated 
in Fig. 1. ‘Two examples are given for each type in order to make 
clear the kinds of variation which were found within each group. 
It will be noted that in the experimental hypercalcemias, with the 
exception of a slight increase in the amounts of the non-filtrable 
fractions leading to a diminution in filtrability of calcium, the 
tendency is always in the direction of maintenance of the normal 
relative proportions of the four forms of the calcium. This is in 
striking contrast to the condition obtaining in the physiological 
hypercalcemia of hens in which the marked imbalance in the par- 
tition is obvious. 

Partition of Phosphorus— Unlike the physiological hypercalcemia 
of hens, all types of experimental hypercalcemia are usually ac- 
companied by an elevation of the total phosphorus in the serum. 
Furthermore, in this condition, as was first demonstrated by Groll- 
man (8), the phosphorus which is normally completely diffusible 
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becomes only partially so. From an analysis of the complete 
partition of phosphorus (Tables I and II) it is evident that the 
rise in the level of this element in the serum is due to a combined 
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Fig. 1. Analysis of the partitions of calcium in hypercalcemias on a per- 
centage basis. The blocks indicate the per cent of the total calcium in the 
serum represented by each of the various fractions. The absolute value 
of each fraction in terms of mg. per 100 cc. is given within the block. In 
the analysis two illustrative examples are given for each type in order to 
show the kinds of variations which were found within each group. 


inerease in both the non-adsorbable and adsorbable fractions, but 
that the increase in the latter form is not as great in the ultrafiltrate 
as it isin the serum. It is thus probable that the reduction in fil- 
trability of the total phosphorus is due, if not entirely, at least 
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largely, to the presence in experimental hypercalcemia of a frac- 
tion of adsorbable phosphorus which is not diffusible (Table III). 

The observations regarding the existence in hypercalcemic serum 
of non-filtrable adsorbable phosphorus may have a bearing upon 
the question of the forms of calcium and phosphorus in normal 
serum. Thus the amounts of non-filtrable adsorbable calcium in 
normal serum are sufficiently minute so that the demonstration in 
previous experiments of the presence of this fraction was made 
possible only by means of a statistical analysis of a large series of 
cases. In hypercalcemia, however, this form of calcium is in- 
creased to 4 or 5 mg. per 100 ce. in the serum of dogs, and in hens 
it was found to be as high as 12 mg. per 100 ce. Similarly, the 
fact that the presence of non-filtrable adsorbable phosphorus be- 
came apparent in connection with the increased amounts of total 
phosphorus found in the serum in hypercalcemia suggests the possi- 
bility that this form is present also in normal serum but in amounts 
so small as to escape detection. 

The data regarding the partition of phosphorus in hypercalcemia 
are of interest also in connection with some recent observations of 
other investigators. It was noted by Smith and Sternberger (1) 
that when normal serum was ultrafiltered all of the caleium could 
be accounted for by analysis of the ultrafiltrate and the unfiltered 
residue. However, definite amounts of calcium were found to 
adhere to the membrane during the course of ultrafiltration of 
hyperealcemic sera. Greenberg (9) has demonstrated in addition 
that part of the phosphorus of these sera is simultaneously re- 
tained within the pores of the collodion sack. This author offers as 
an explanation for the reduction in filtrability of phosphorus (and 
presumably of calcium) the existence of ‘‘a colloidal material com- 
posed of calcium, phosphate and probably carbonate.”’. Since 
loss of calcium and phosphorus in the membrane employed for 
ultrafiltration occurs in hypercalcemia coincidentally with the 
appearance in the serum of appreciable amounts of the non- 
filtrable adsorbable forms of caleium and of phosphorus it seemed 
possible that the two phenomena might bear a relation to each 
other. Accordingly, the experiments of Smith and Sternberger 
were repeated with a view to detecting a possible correlation be- 
tween the amounts of caleium and phosphorus Jost during ultra- 
filtration and the size of the respective non-filtrable adsorbable 
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calcium and phosphorus fractions. The data obtained failed to 
substantiate such a correlation, but because of the inaccuracy of 
the method of measuring the volumes of ultrafiltrates and of resi 
due coupled with the exceedingly small quantities of the calcium 
and phosphorus in question, definite conclusions are not warranted. 


SUMMARY 


1. The marked hypercalcemia which occurs in the serum of hens 
during the laying period is due entirely to the increase in the levels 
of the two non-filtrable fractions of the calcium, both of which are 
elevated to approximately the same degree. The non-filtrable ad- 
sorbable form is raised to a value of 6.5 to 12.5 mg. per 100 cc., 
a 6-fold increase, and the protein-bound calcium is raised to a 
concentration of 7.2 to 13.3 mg. per 100 ee., which constitutes a 
5-fold increase. 

The levels of the filtrable fractions remain practically un- 
changed. In some instances a very slight rise in the amount of 
the ion-containing form was observed while a small diminution in 
the level of the filtrable adsorbable calcium frequently occurred 

The total phosphorus as well as all of the phosphorus fractions 
remain within the normal limits for this species. 

2. In the experimental hypercalcemias induced in dogs by (1) 
injection of calcium gluconate, (2) injection of parathyroid ex- 
tract (parathormone), and (3) administration of irradiated ergo- 
sterol (viosterol) the increase in total calcium is due to a rise in all 
four fractions. ‘This is true, also, when CaCl. is added to serum 
in vitro. The tendency seems to be toward the maintenance of 
the normal relationship. 

In this group of hypercalcemias the total phosphorus is ele- 
vated, its filtrability is diminished, and small amounts (up to 2.5 
mg. per 100 ec.) of the adsorbable phosphorus become non-filtrable. 
It is suggested that a non-filtrable adsorbable form of phosphorus 
may exist in normal serum in amounts too small to be detected 
and that in experimental hypercalcemias this fraction increases, 
thus accounting for the diminution in filtrability of the phosphorus. 
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STUDIES ON VITAMIN G (B:) 


I. YEAST AND LIVER PREPARATIONS AS A SOURCE OF 
VITAMIN G (B.)* 


By RICHARD J. BLOCK? ann LUCILLE REED FARQUHAR 


(From the Department of Physiological Chemistry, Yale University, and 
the Biochemical Laboratory of the Connecticut Agricultural Experiment 
Station, New Haven) 


(Received for publication, October 20, 1933) 


A number of recent observers have obtained unusually rapid 
rates of growth of albino rats by including in the mixed dietary 
certain natural foodstuffs such as liver, lettuce, or yeast. Osborne 
and Mendel (1) and Mendel and Cannon (2) employed a diet that 
contained a mixture of casein 35 per cent, salts 4 per cent, starch 
37 per cent, butter fat 9 per cent, and lard 15 per cent, supple- 
mented by 0.2 gm. of yeast and 40 gm. of lettuce daily, and ob- 
served gains in weight at the rate of 5 gm. per day between the 
limits of 60 and 200 gm. of body weight. Even more rapid gains 
in weight (6.1 gm. per day) were demonstrated by Anderson and 
Smith (3) in the case of rats fed a highly complex diet of natural 
foodstuffs which included large amounts of yeast and lettuce. 
These records far surpass those reported by earlier workers 
(Donaldson (4), King (5), and Smith and Bing (6)). The stimu- 
lus for such rapid rates of growth may have been supplied by the 
ample amounts of proteins, carbohydrates, fats, minerals, and 
vitamins presented to the rats, or by some hitherto undiscovered 
growth-promoting substance in the natural foods (cf. Mapson 
(7)). To test these alternatives a highly purified diet, adequate 
in all the known essentials, has been prepared. Difficulties in 
securing an even relatively pure source of vitamin G (Be) were 


* The expenses of this investigation were shared by the Connecticut 
Agricultural Experiment Station, the Carnegie Institution of Washington, 
and were further aided by a grant from Eli Lilly and Company. 

+ Standard Brands Incorporated Fellow, 1932-34. 
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encountered, and this communication deals with the growth- 
promoting properties of various preparations derived from yeast 
and from liver. 

The basal diet, as shown below, contained purified, vitamin- 
free casein! supplemented with cystine, a partially hydrogenated 
vegetable oil (Crisco) fortified with linoleic acid, sucrose, and 
Osborne-Mendel salts to which small amounts of cupric chloride 
and manganous sulfate had been added. ‘The vitamins were sup- 
plied separately with the exception of vitamin E, which was con- 
tained in the vegetable oil. This source of vitamin E was sup- 


Basal Diet 

per cent 

100.0 


Vitamins were fed separately in the following amounts. 
Vitamin A and D concentrates 20 mg. per rat per week 
(B:) as indicated in Table I 
* Supplemented with 2.5 mg. per cent of copper and 1.6 mg. per cent of 
manganese. 


plemented during the preliminary experiments with 35 mg. 
weekly of the non-saponifiable fraction of wheat germ oil dissolved 
in peanut oil. The requirements for vitamins A and D were met 
by 20 mg. weekly of the non-saponifiable fraction of cod liver oil. 
The antineuritic vitamin was derived from an extract of rice 
polishings and consisted of an active fraction prepared by ad- 
sorption on fullers’ earth and elution therefrom. The amount of 


1 The casein was prepared from skim milk by precipitation with dilute 
hydrochloric acid, the precipitate was dissolved in sodium hydroxide, 
reprecipitated by acetic acid, redissolved in sodium hydroxide, filtered 
through paper pulp, and again precipitated by acetic acid. The casein 
was then extracted with hot alcohol, with high grade gasoline, again with 
boiling aleohol, and was finally dried in a current of warm air (80-90°) for 
2 days. 
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vitamin G (Be) in this concentrate was found by suitable tests to 
be very small. Concentrates of liver and yeast were used to 
supply the vitamin G (Bz). The potency of these preparations, 
as Judged by growth-promoting properties, was compared to the 
potency of whole dried liver and of bakers’ yeast. Various liver 
concentrates, sold commercially for use in the treatment of per- 
nicious anemia, were also used as sources of vitamin G (Be). 
The potencies of ‘‘digested”’ extracts of liver and yeast were com- 
pared with those of the original extracts. 


EXPERIMENTAL 


Albino rats that weighed more than 40 gm. at 21 days of age 
were fed the basal diet, and all vitamin supplements with the 
exception of a source of vitamin G (Be). If, after 10 to 20 days, 
the animals had declined in body weight, or had maintained an 
unchanged body weight, a source of vitamin G (Be) was added to 
the diet for 30 days and the total gain in weight was recorded. 
‘Two to seven rats, no two of which were litter mates, were used in 
each group. ‘The growth of twenty-one negative controls was also 
recorded. Five rats were given 25 times the usual amount of the 
vitamin B (B;) supplement to determine whether any vitamin G 
(Be) was present. The results of all tests are presented in Table I. 


Sources of Vitamin G (Bz) 


The preparations of dried, and of autolyzed liver, were made as 
follows: Half of a fresh beef liver, previously freed from the larger 
blood vessels, was ground, suspended in 50 volumes of 0.1 N hy- 
drochloric acid, and heated to 100° for 30 minutes to destroy the 
autolytic enzymes. ‘The suspension was then concentrated, and 
the product was dried in a current of warm air and subsequently 
made into tablets each of which was equivalent to 1 gm. of raw 
liver. The other half of the liver was suspended in 50 volumes of 
0.1 n hydrochloric acid, allowed to autolyze at 37° for 10 days in 
the presence of chloroform, and was then treated in the same 
manner. 

The liver concentrate, No. 343, manufactured by Eli Lilly and 
Company for use in the treatment of pernicious anemia, was tested 
at various levels of intake. The pernicious anemia factor has 
been reported to be increased by 3 to 4 times (Walden and Clowes 


646 Studies on Vitamin G (B.). I 


TABLE I 


Average Rate of Growth of Rats Fed for 30 Days on Highly Purified Diet 
Supplemented with Various Liver and Yeast Preparations As 


Source of Vitamin 


| 
| | 
~ ge . sf 

Source of vitamin lanimais! 


Beef liver 


Dried. . 5 
Liver concentrate 
Lilly, No. 3438... .. 4 | 
3 
“digested with human gas- | | 
tric juice . 
Same, Ww “it he pig 
(extralin) .. 5 
Same, W pig h 
5 
Same, treated with 5 
“(no added 5 
Lederle, No. 240H235B.........; 
-187H35T (oral).. 5 
 255H88A (paren 
teral).. 5 
Chappel (oral). . 5 
Yeast 
Fleischmann, No. 11-9902. . 5 
nane, heated 2 wks.. 5 
5 
Yeast concentrate 
Fleischmann, No. 11L-10617..... 5 
Same...... 3 
“ digested with human gas- 
tric juice.. + 2 
Same, digested swith mene gus- 
Negative controls................] 21 
with 25 sup- 
plement vitamin B (B,)...... 5 


Q, 


OYA AAA AQAaaaa 


S53 & 


ita 
| wea 
mg. gm. 
290 45 
290 47 
40) 54 
SO 61 
160 47 
160 53 
40 54 
40) 465 
160 45 
40 46 
40 44 
160 51 
46.4 51 
14.9-59. 5t 45 
35.5-142.1§} 50 
79 52 
45 
400 50 
440 45 
440 47 
36 53 
360 55 
360 48 
36 41 
360 52 
| 
44 


Final 
body 
weight 


gm. 


147 
177 


138 
185 
166 


126" 


| 
| | | 
| 
| 
| 
| 
| | 191 
| | 143 
| 95 
| 151 
| 101 
| 
| 
| 85 
| | 106 
| 96 | 
209 | 
186 | 
202 | 
| | 
| 108 
216 
156 
98 | 
236) | 
79) 
1694 | 


| 
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TABLE I—Concluded 


* Owing to lack of material the experimental period was reduced from 
30 to 21 to 28 days in this group. 

+t Source of vitamin B (B;) as well as vitamin G (B,). 

¢{ The dosage was increased after 15 days from 14.9 to 59.5 mg. daily. 

§ The dosage was increased after 15 days from 35.5 to 142.1 mg. daily. 

| Seven rats died in from 12 to 28 days; the averages are for fourteen rats. 

{| Experiment was run for 42 days. 


(8)) by digestion of the concentrate with scrapings of pig stomach. 
The vitamin G (Be) potency of this preparation (extralin) is 
herein reported, together with that of a preparation of concentrate 
No. 343 which had been digested with 15 times its weight of fresh 
human gastric juice at 37° for 22 hours. 

The amount of vitamin B (B,) present in the liver concentrate 
No. 343 was tested by omitting the source of vitamin B (B,) 
from the dietary and feeding the liver concentrate alone. 

Treatment of the concentrate No. 343 with alkali in the cold 
was undertaken to ascertain whether the vitamin G (Be) content 
was thereby altered. Unpublished experiments of Cowgill and 
Block have shown that the antineuritic potency is destroyed under 
these conditions. 

The liver concentrates prepared by Lederle and by Chappel 
were fed in doses equivalent to 0.8 gm. of raw liver as calculated 
from data supplied by the manufacturers. These dosages were 
approximately equal to 160 mg. of concentrate No. 343. 

Bakers’ yeast and an aqueous extract thereof, concentrated to a 
paste, were fed as sources of vitamin G (B.). The concentrate 
was digested with twice its weight of diluted (1:1) normal human 
gastric Juice for 24 hours at 37° and then tested. 

Recently Klvehjem, Kline, Keenan, and Hart (9) have reported 
a 50 per cent destruction of vitamin G (Be) in dried yeast that had 
been heated at 95-100° for 144 hours. In order to test this point 
we have also fed, as a sole source of vitamin G (Be), two samples 
of bakers’ yeast which had been dried in a desiccator and then 
heated in the above manner for 2 and 4 weeks respectively. 


Results 


The results as summarized in Table I indicate that good and 
even rapid growth was obtained with certain of the liver and yeast 
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concentrates. Daily administration of 160 mg. of the liver con- 
centrate No. 343, or of 160 mg. of No. 343 digested with scrapings 
of pig stomach, permitted good growth. Supplements of 360 mg. 
daily of the yeast concentrate, or of 360 mg. daily of the concen- 
trate digested with human gastric juice, permitted rapid growth. 
Daily doses of 400 mg. of unheated yeast or 440 mg. of yeast 
heated for 4 weeks were similarly effective; evidently, therefore, no 
destruction of vitamin G (Be) by dry heat had taken place. 

Liver concentrate No. 343 is a good source of vitamin G (Be). 
Treatment with cold alkali was without effect upon the vitamin G 
(Be) content of the concentrate, although according to unpublished 
experiments of Block and Cowgill the antineuritic vitamin is 
completely destroyed. 

The liver concentrates prepared by Lederle and by Chappel con- 
tained little if any vitamin G notwithstanding their high content 
of the pernicious anemia factor. These results are in accord with 
those of Brand, West, and Stucky (10). Furthermore, digestion 
of the liver concentrate No. 343 with the scrapings of pig stomach, 
or with normal human gastric juice had no influence upon the 
vitamin G (Be) content of the preparation, whereas the anti- 
anemic potency is known to be increased in this way (11). How- 
ever, the digestion of the yeast concentrate with human gastric 
juice, and the autolysis of fresh beef liver, seem to have actually 
increased the growth-promoting power of the respective products. 


SUMMARY 


Gains in weight of from 4.5 to 6 gm. per day were made by male 
albino rats fed on an adequate but highly purified diet in which 
vitamin G (Bz) was supplied by yeast or liver concentrates. 


These studies do not support the view that there is a simple 


relationship between vitamin G (Be) and the substance effective 
in the treatment of pernicious anemia. 

Yeast and liver preparations show no decrease in vitamin G 
(Be) potency after autolysis, digestion, treatment with alkali in the 
cold, or prolonged heating after being previously dried. 


We are exceedingly grateful to Mr. W. H. Berg of the Health 
Products Corporation, Newark, for the vitamin A and D con- 
centrates; to Dr. Guy W. Clark of the Lederle Laboratories, 
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Dr. A. E. Meyer of Chappel Brothers, and Dr. H. W. Rhodehamel 
of Eli Lilly and Company for the generous supplies of liver con- 


centrates; and to Dr. C. N. Frey of Standard Brands Incorporated, 
for the yeast. 
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THE PREPARATION OF GLUCURONIC ACID FROM 
BORNEOLGLUCURONIC ACID 


By K. T. SWARTZ anv C. O. MILLER 


(From the Department of Chemistry, Northwestern University Medical 
School, Chicago) 


(Received for publication, June 15, 1933) 


(Juick (1) has reported a method for preparing glucuronic acid 
from urine of dogs which have been fed borneol. The method 
consists, in short, of precipitating the borneolglucuronic acid as 
the zine salt, removing the zine by hydrolysis with 3.5 N sulfuric 
acid, hydrolyzing the resulting borneolglucuronic acid with 0.2 N 
sulfuric acid, removing the inorganic acid and borneol, and con- 
centrating the solution to a readily erystallizable syrup 7n vacuo. 

We have found that even after prolonged heating, some borneol- 
glucuronic acid still remains in the hydrolysate. Quick makes no 
mention of incomplete hydrolysis, and neither do Goebel and 
Babers (2) who have reported their suecess while using Quick’s 
method. Since borneolglucuronic acid is a glucoside, and since 
glucosides resemble esters somewhat in their properties, it is to be 
expected that borneolglucuronie acid will be hydrolyzed inecom- 
pletely by acids. 

It is obvious that a complete hydrolysis is desirable because 
of increased yield. However, a complete reaction is to be desired 
for still another reason. Borneolglucuroniec acid reduces the 
surface tension of water, and its aqueous solutions have a marked. 
tendency to foam, especially 7m vacuo; solutions of pure glucuronic 
acid do not behave this way. Since the hydrolysate is concen- 
trated in vacuo, it is very desirable that the solution be free from 
borneolglucuronie acid. We have found that by hydrolyzing 
and steam distilling simultaneously, the borneol is readily removed 
and the reaction proceeds to completion, except for the formation 
of the bornyl ester of borneolglucuronic acid. This method 
worked quite satisfactorily and details of the procedure are given. 

During the hydrolysis of borneolglucuronic acid, either by 
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(Juick’s method or our steam distillation method, bornyl borneol- 
glucuronate, 


H—C—-— 
| 
H—C—OH 
HO—C—H 0 


H—C—OH 


H—C—_— 
( 
O O—C,oHiz 
« glucuronide ester, is formed. This compound has not been 
described hitherto. 

Preparation of Glucuronic Acid by Steam Distillation M ethod— 
200 gm. of borneolglucuronic acid were placed in a 5 liter round 
bottom Pyrex flask. To this were added 3 liters of a solution of 
sulfuric acid, approximately 0.2 N, which had been standardized 
against barium hydroxide solution to be used to remove the sul- 
furic acid. The flask was then incorporated in a conventional 
steam distillation apparatus in such a way that steam could be 
conducted through the acid solution. 

The solution of borneolglucuronic acid was steam-distilled 
during hydrolysis. The distillation was stopped frequently in 
order to remove the solid borneol from the condenser tube. After 
about 2 hours of distillation, there was noticed in the mixture an 
oily substance. As the distillation proceeded and the borneol 
was removed, this oil became more and more prominent. The 
distillation was continued for 4 hours, at which time the removal 
of the borneol was practically complete. The flask was dis- 
connected and shaken in a circular motion in such a way that all 
of the oil united as one large globule at the bottom of the flask. 
The solution was allowed to cool overnight. The next day it 
was filtered from the oil which had solidified The solid so ob- 
tained, 5 gm., proved to be bornyl borneolglucuronate, which is 
described later. 
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The straw-colored filtrate was treated with barium hydroxide 
in the fashion already discussed and was decolorized with charcoal. 
‘The colorless glucuronic acid solution was then concentrated zn 
vacuo to a syrup. During the concentration, there was not a 
suggestion of foaming. The syrup was poured into a beaker 
and allowed to crystallize. The crystalline mass was filtered off, 
washed with alcohol, and dried. ‘The mother liquor and alcoholic 
washings were combined and worked up for a second crop of 
crystals. The product was pure white, free from borneolglu- 
curonie acid, and amounted to 73 gm. or 69 per cent of theory. 
Irom this product were readily prepared the pure acid and the 
pure lactone.! We have prepared approximately 325 gm. of 
glucuronic acid by this method. By using Quick’s method for 
hydrolyzing 200 gm. of borneolglucuronic acid, we obtained only 
2 52 per cent yield. 

Bornyl Borneolglucuronate—The solid material, obtained as 
previously described, was dissolved in about 20 cc. of 95 per cent 
alcohol, heated to boiling, and decolorized with a little activated 
charcoal. The colorless, filtered, alcoholic solution was poured 
into approximately 800 cc. of distilled water; whereupon a pure 
white solid was precipitated. This solid was filtered off with 
suction, air-dried, and then dried over sulfuric acid in a vacuum 
desiccator. 

A qualitative (naphthoresorcinol) test showed the substance to 
contain glucuronic acid. A small portion of the material was 
heated with some 1 N potassium hydroxide solution. When so 
treated, the solid was decomposed and borneol was precipitated 
on the cooler parts of the container. The borneol was identified 
by its characteristic odor and melting point. It melted at 198° 
(uncorrected) and when it was mixed with known borneol, the 
melting point was not lowered. The known borneol melted at 
198° also. The alkaline solution was rendered acid with acetic 
neid and filtered. ‘To this slightly acid filtrate was added a satu- 
rated solution of zine acetate. There was formed an immediate 
precipitate, characteristic of zine borneolglucuronate. Analysis 
proved this compound to be zine borneolglucuronate. 


‘The mother liquor from the second crystallization had a volume of 
about 1 ec. and was not worked further. It contained no borneolglucuronic 
acid, as indicated by testing with zinc acetate solution, 
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0.0961, 0.0980 gm. substance: 0.0099, 0.0103 gm. ZnO 
2H.0. Calculated. Zn 8.56 
Found. “ 8.28, 8.44 
The molecular weight of thegmaterial was determined in glacial 


naeetic acid. 


0.5811, 0.4765 gm. substance, 26.300 gm. solvent each case: 0.193°, 0.154° 
freezing point depression 
CosHyO;7. Mol. wt., caleulated, 466.3; found, 446, 458 


This indicates that the compound is the bornyl ester of borneol- 
glucuronic acid. The substance was finally proved to be borny] 
borneolglucuronate by ultimate microanalysis.’ 


3.676, 3.291 mg. substance: 9.012, 8.077 mg. CO2; 2.967, 2.658 mg. HO 
CoH Calculated. C 66.80, H 9.08 
Found. ‘* 66.86, 66.93, H 9.03, 9.04 


Bornyl borneolglucuronate is insoluble in water but is very 
readily soluble in alcohol, ether, petroleum ether, acetone, benzene, 
toluene, and acetic acid. Its melting point is 96—97° (uncor- 
rected). The borneol used throughout this work was dextro- 
rotatory but was not known to be the pure dextro compound. 
Pure d-borneol is not needed for the preparation of glucuronic 
acid. 

Hydrolysis of Bornyl Borneolglucuronate—10 gm. of crude 
bornyl borneolglucuronate were placed in a 5 liter flask. To this 
was added 1 liter of 0.2 N sulfuric acid and the mixture was steam- 
distilled for 5 hours. The ester was hydrolyzed, in part, borneol 
being liberated. After the 5 hours of steam distillation, the 
mixture was allowed to cool. 8 gm. of bornyl borneolglucuronate 
were recovered The aqueous phase contained glucuronic acid 
as indicated by the naphthoresorcinol test. 


SUMMARY 


1. When borneolglucuronic acid is hydrolyzed according to 
Quick’s method, the hydrolysate contains appreciable amounts 
of borneolglucuronie acid, which give rise to foaming on concen- 
tration 7n vacuo. 


2 The analysis was carried out by Dr. E. W. Lowe of the University of 
Chicago. 
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2. By steam distilling the borneol during the hydrolysis of 
borneolglucuronic acid, practically all, if not all, of the borneol- 
glucuronic acid is hydrolyzed. The yield obtained by using this 
method, 69 per cent, was higher than when Quick’s method was 
used, although the yield did not equal that reported by Quick for 
his method. 

3. During the hydrolysis of borneolglucuronie acid by Quick’s 
method and the steam distillation method here described, there 
is formed as a by-product bornyl borneolglucuronate, a new 


compound. 


We wish to thank Dr. 8S. J. Fogelson for his cooperation in 
carrying out this investigation. 
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THE HEMOGLOBIN CONTENT OF CHICKEN BLOOD 


By ARTHUR D. HOLMES ann MADELEINE G. PIGOTT 
(From the Research Laboratories, The E. L. Patch Company, Boston) 
AND PERCY A. CAMPBELL 


(From the Research Department, Eastern States Farmers’ Exchange, 
Springfield) 


(Received for publication, August 28, 1933) 


In studies of the nutritive value of poultry rations the hemo- 
globin content of the blood of laying hens was found to vary over 
rather wide limits. It was assumed that these variations were 
principally due to the physical condition of the birds and to the 
nutritive value of the rations that they were consuming. How- 
ever, in the absence of data to the contrary it seemed probable that 
the condition and nutrition of the birds during the growing and 
maturing periods may have also influenced the variation in the 
hemoglobin content of the blood of the laying hens, but a survey 
of the literature failed to reveal many data on this point. 

Numerous studies have been made to determine the calcium, 
phosphorus, non-protein nitrogen, creatinine, and uric acid con- 
tent of avian blood, but the literature consulted contained few 
reports of studies of the hemoglobin content of chicken blood. 
Elvehjem and Hart (1) have shown that young chicks maintained 
on a milk diet rapidly become anemic and their blood has a low 
hemoglobin content. Hart, Elvehjem, Kemmerer, and Halpin 
(2) studied the effect on the hemoglobin content of chick blood 
of adding various iron and copper salts to different chick rations 
and found the initial hemoglobin level to be 7 to 8 gm. per 100 ce. 
of blood. Holst (3) reported considerable variation in the hemo- 
globin content of chicken blood, ‘“‘approximately 13-14 grams per 
100 cubic centimeters in cockerels to 9-12 grams per 100 cubic 
centimeters in some hens and 6-8 grams per 100 cubic centimeters 
in young chicks and certain other hens.” ‘Truesdail (4) found 
blood from representative 2 and 3 year-old white Leghorn hens 
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from commercial flocks contained 6.2 gm. of hemoglobin per 100 
ec. On the other hand, Dukes, Schwarte, and Brandt (5) found 
the hemoglobin level for white Leghorn hens and pullets to be 
10.2 and 8.9 gm. respectively per 100 ce. of blood. These authors 
also report 9.8 gm. for white Plymouth Rock hens and 9.4 gm. 
for Rhode Island Red hens. The variation in the reported data 
suggested the desirability of testing the variation in the hemoglobin 
content of the blood of birds under observation in this laboratory. 

Accordingly hemoglobin determinations were made of blood 
taken from a number of birds of both sexes, of the same ancestry, 
but of different ages. The hemoglobin content of five Rhode 
Island Red baby chicks selected as being typical of a large lot of 
day-old chicks was found to be 10.8, 9.0, 8.6, 8.6, and 11.2 gm. 
per 100 cc. of blood. These results are higher than the 8 gm. 
per 100 ec. of blood reported by Elvehjem and Hart (1) for baby 
chicks and are far from uniform. Analyses were also made of the 
hemoglobin content of the blood of typical birds of 28 to 280 days 
of age. These included cockerels, capons, and laying and non- 
laying pullets. The hemoglobin content of the blood varied from 
9.1 to 13.5 gm. per 100 ce. of blood. In view of the variation in 
these data and those found in the literature, it was decided to 
study the hemoglobin content of the blood of growing chicks fed 
high quality commercial rations. 

The Rhode Island Red chicks which were used in the investi- 
gation were produced by vigorous, disease-free stock. They were 
housed in battery brooders from hatching to 12 weeks of age under 
the usual experimental conditions employed in this laboratory (6). 
The rations which the chicks were fed varied somewhat in com- 
position but all contained approximately 19 per cent of animal 
and vegetable proteins and were similar to commercial growing 
mashes. Irom each of eleven pens containing thirty birds, groups 
of six to eight cockerels and pullets typical of the pen were selected 
and leg-banded for identification. Blood samples for hemoglobin 
determinations were obtaine& by puncturing one of the veins on 
the under side of the web of the wing with a spring blood lancet. 
This procedure yielded sufficient blood for the test but left no 
exposed raw tissue. The sample was drawn into a 0.02 cc. blood 
pipette and quickly transferred to a graduated tube. The hemo- 
globin (7) was determined by a modified Sahli method, with 
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the Osgood-Haskins new permanent standard and Sahli-Haskins 
tubes, a 100 per cent reading on the tube being equivalent to 13.8 
gm. of hemoglobin per 100 ce. of blood (manufacturer’s claim). 
The hemoglobin content of the blood of all the banded experi- 
mental chicks was determined when they were 3, 6, 9, and 12 
weeks of age. These data are assembled in Table I. It will be 
noted that the hemoglobin values obtained at each of the age 
intervals vary from pen to pen. The greatest variation, 2.9 gm. 


TABLE I 
Hemoglobin Studies of Growing Chicks (Gm. of Hb per 100 Cc. of Blood) 
Cockerels Pullets 
Pen No. 

At 21 | At 42 | At63 | At 84 | | At 42 | At 63 | At 84 

days days | days days days days | days days 

1 10.5 9.3 | 10.0 9.7 9.1 9.5 9.4; 10.1 

2 9.3; 0.71 20.11 9.1] 8.8) 8.7 
3 9.4) 10.4] 9.1] 9.5] 9.8 | 10.2 

4 10.4; 10.4; 10.5; 10.5} 9.4} 9.8); 10.0; 10.1 

5 9:2) 681 9.81 

6 9.4/10.0; 10.0} 9.5}; 9.7] 9.3] 9.5] 10.1 

8.8} 10.1} 10.2) 11.3; 9.1] 9.7} 9.3 | 10.5 

9.5 10.1} 10.5 | 11.7 | 10.1] 10.2} 10.0] 9.9 

10 9.8/;10.4; 93] 8.8] 9.4; 9.5] 9.5] 9.0 

11 93; 9.0] 9.7} 9.8] 9.8] 8.7 

“body weight 
of experimental 

chicks, gm........ 196 | 616 | 1119 | 1577 | 187 | 545] 988 | 1368 


per 100 ee. of blood, was between Pens 9 and 10, for the cockerels 
when 84 days old, and the least variation, 0.9 gm. per 100 cc. of 
blood, was between Pens 2 and 8, for the pullets when 63 days 
old. However, the averages obtained for all of the cockerels 
and all the pullets at the different age intervals seem to be quite 
uniform. In the case of both cockerels and pullets the hemoglobin 
content only increased 0.4 gm. per 100 ec. of blood from the time 
the chicks were 3 weeks old until they were 12 weeks old. Judged 
by these data, the hemoglobin content of pullet blood is very 
slightly less than that for cockerels of the same breed, age, and 
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nutritional history. ‘This is in agreement with the results re- 
ported by Scott, Serfontein, and Sieling (8) who found that the 
‘hemoglobin constituents of the male turkey blood are greater than 
that of the female.”’ Since this study was undertaken to accumu- 
late data concerning the hemoglobin content of the blood of rapidly 
growing chicks it is of interest to record the body weight of the 
experimental chicks at the age intervals when the hemoglobin 
determinations were made. These data (average for the eleven 
pens) are reported in Table I. It will be noted that both cockerels 
and pullets were growing at an exceedingly rapid rate throughout 
the entire period that the hemoglobin determinations were being 
made. 

During this study a question was raised as to whether the hemo- 
globin content of birds raised under the decidedly artificial con- 


TABLE II 
Hemoglobin Studies of Growing Chicks (Gm. of Hb per 100 Ce. of Blood) 


Colony house chicks at 35 days | Battery brooder chicks at 42 days 
(average) (average) 


Maximum Minimum | Average |Maximum |Minimum | Average 


9.8 10.1 10.8 8.9 9.9 
11.0 8.5 9 6 9.7 8.7 9 2 


ditions which exist in battery brooders was similar to that of birds 
raised under commercial poultry plant conditions. In order to 
obtain reliable comparisons it seemed essential to procure birds 
from the same source as those under observation, namely of the 
same parentage, since this would eliminate any possible effect of 
differences in the breeding or feeding of parent stock. Unfortu- 
nately it was not possible to locate chicks of the same age as those 
under discussion. Hence Table II reports the average hemo- 
globin content of the blood of 35 day-old cockerels and pullets 
raised in a colony house as compared with similar data for com- 
parable, 42 day-old, banded chicks raised in battery brooders. 
It will be noted that the hemoglobin content of both cockerels 
and pullets grown in a colony house was slightly higher than for 
corresponding chicks grown under battery brooder conditions. 
However, it is not felt that this slight difference is significant. 


Sex | 
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While the data discussed above supply information concerning the 
hemoglobin content of the blood of growing chicks, it seemed de- 
sirable to accumulate additional data relative to the hemoglobin 
content of the blood of chicks during the fattening period. Itisa 
common practice in commercial poultry fattening plants to confine 
the birds closely and feed them liberally with a high energy mash 
moistened with milk or water to increase its palatability. Since 
the drinking water is greatly restricted or entirely eliminated, the 
chicks greedily eat large amounts of the moist mash, which pro- 
motes rapid fattening. A consideration of this procedure has 
raised a question as to the possible influence of an abnormally low 
water intake on the hemoglobin content of the blood. It is quite 
generally believed that the blood of animals is ‘‘thicker’’ in winter 
than in summer and Dukes, Schwarte, and Brandt (5) have re- 
ported that ‘‘with the approach of winter the hemoglobin content 
of the blood [hens] increased significantly.” Also Barbour (9) 
has submitted evidence showing that external heat diminishes the 
percentage of total blood solids. 

Accordingly groups of twenty birds each were placed in fatten- 
ing crates for a 2 week fattening test. Hemoglobin determinations 
were made at the beginning and end of the fattening period. 
Three studies were made with Rhode Island Red chickens; 
cockerels were fattened between 56 and 69 days old, pullets 
between 70 and 84 days, and cockerels between 84 and 98 days 
of age. When these data had been assembled it seemed desirable 
to determine whether similar results would be obtained with 
birds of other breeds which had been grown under commercial 
poultry plant conditions. Hence four pens of white Plymouth 
Rock cockerels were fattened between the ages of 70 and 84 days 
and four pens of white Leghorn cockerels were fattened between , 
the ages of 56 and 70 days. Previous to the fattening test the 
white Plymouth Rocks were fed both scratch grain and growing 
mash, whereas all the other chicks were fed only growing mash. 
As a consequence the white Plymouth Rocks had not grown quite 
as rapidly but were in better physical condition. During the 
fattening test the white Plymouth Rock chicks in Pens 1 and 2 
received the same mash and those in Pens 3 and 4 a second mash. 
The chicks in Pens 1 and 3 were fed a very wet mash and were 
given no water to drink. Comparable chicks in Pens 2 and 4 
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TABLE 
Hemoglobin Studies of Crate-Fattened Chicks 


ai Hb per 100 cc. blood Body weight 
, Initial | Final | Increase | Initial | Final Increase 
Rhode Island Red 1 11.2 | 10.8 | —0.4 922 | 1167 245 26.7 
cockerels, 56-69 2 10.4, 107 G3 962 1158 196 | 20.3 
days old 3 | 10.7 | 10.5 | —0.2 | 962 | 1208 | 246 | 25.6 
4 11.6 | 10.6 | —0.4 962 | 1203 241 | 25.1 
5 10.7 | 10.2 | —0.5 944 1158 209 | 22.1 
1038/1146) 960 | 1177 | 227 | 23.9 


Rhode Island Red 1 11.5 | 10.1 | —1.4 | 922) 1158 | 236 | 25.6 
pullets, 70-84 2 {11.1 |; 9.9 | —1.2; 990 | 1194 | 204 | 20.6 
days old 3 9.9 9.9 0.0 967 | 1253 286 | 29.6 

4 99} 9.2) —0.7| 908 | 1149 | 241 | 26.5 
111] 9.9) —-1.2 |] 931 | 1185 | 264 | 27.3 


10.7 | 9.8; —0.9 943 | 1187 | 244 | 25.9 


2} 1385 | 1630 | 245 | 17.7 
-1 | 1507 | 1766 | 259 | 17.2 
3 | 1476 | 18389 | 363 | 24 6 

7 | 1498 | 1861 | 363 | 24 2 


Rhode Island Red 9.8 
cockerels, 84-98 2 9.3 | 10. 
days old 3 7 

1 


10.0 | 10.0 | —0.0 | 1466 | 1774 | 308 | 26.9 


White Plymouth 1 9.7] 9.0 | —0.7 | 1112 | 1385 | 273 | 24.6 
Rock cockerels, 2 9.9} 9.6] —0.3 | 1112} 1885 | 273 | 246 
70-84 days old 3 9.5 | —0.4] 953 | 1271 | 318 | 33.4 

4 99} —0.1 | 1044 | 1407 | 363 | 34.8 


9.9} 9.5 | —0.4 | 1055 | 1362 | 307 | 29.4 


White Leghorn 1 10.3 | 10.5 0.2 649 894 245 | 37.8 
cockerels, 56-70 2 9.7 10.5 0.8 617 | 867 | 250! 40.5 
days old 3 9.6| 9.7 Q.1 | 627 | 908 | 281 | 44.8 
4 10.2 1 86.3 0.1 604 SOS 204 | 33.8 


10.0 | 10.3 0.3 | 624! 869 | 245 | 39.2 


were given dry mash and water ad lvbitum. The same procedure 
was followed with the white Leghorn chicks. 
The data obtained from the fattening tests are summarized 
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in Table III. These include the average hemoglobin content for 
the different pens at the beginning and end of the fattening period, 
the initial and final weight of the chicks, and their increase in 
body weight. 

It will be noted on referring to Table III that the hemoglobin 
content of the blood of the experimental chicks at the start of the 
fattening period varied from pen to pen. ‘The maximum varia- 
tion, 1.6 gm. per 100 ec., occurred in the case of the Rhode Island 
Red pullets and the minimum variation, 0.3 gm. per 100 cc., was 
for the white Plymouth Rock cockerels. The hemoglobin content 
of the blood decreased during the fattening period for the majority 
of the pens of Rhode Island Red chicks. It decreased for all the 
pens of white Plymouth Rock chicks, but increased for all the 
pens of the white Leghorn chicks. The greatest decrease in hemo- 
globin content of the blood was 1.4 gm. for the Rhode Island Red 
pullets of Pen 1. The hemoglobin content of the blood of white 
Plymouth Rock cockerels was less than 10.0 gm. per 100 ce. of 
blood both at the beginning and the end of the fattening period. 
However, considering the tests as a whole, it was found that the 
hemoglobin content of the blood of chicks 56 to 98 days old was 
somewhat over 10.0 gm. of hemoglobin per 100 ee. of blood, that 
the hemoglobin content of blood tends to decrease rather than 
increase during the fattening period, and that rapid increase in 
body weight during the fattening period is not accompanied by 
an inerease in the hemoglobin content of the blood even though 
the chicks received little or no drinking water during the fattening 


period. 


SUMMARY 


A study has been made to accumulate data coneerning the 
hemoglobin content of the blood of normal chicks raised on high 
quality commercial chick-growing mashes. Samples of blood were 
removed from the wings of typical chicks when they were 3, 6, 9, 
and 12 weeks old. Hemoglobin determinations showed a con- 
sistent increase for the cockerels of from 9.6 gm. per 100 ec. of 
blood at 21 days to 10.1 gm. at 84 days and for the pullets of 
from 9.3 to 9.7 gm. during the same interval. These values 
indicate a slightly higher hemoglobin content of cockerel than 
pullet blood. Greatly restricting the water intake of three breeds 
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of chicks during crate fattening did not increase the hemoglobin 
values. 


The results obtained indicate that the hemoglobin content of 


the blood of rapidly growing chicks fed well balanced, high quality 
commercial rations is about 9.00 to 10.00 gm. per 100 ce. of blood. 
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THE DISTRIBUTION OF SUGAR AND RATE OF ,GLYCOL- 
YSIS IN THE BLOOD OF SOME MAMMALS 


By MICHAEL SOMOGY!I 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 
(Received for publication, October 16, 1933) 


The question of the distribution of sugar between corpuscles 
and plasma in human blood is fairly clarified, several workers, who 
determined true sugar, having arrived at virtually identical re- 
sults. Information relating to other species, however, still is 
largely confined to data derived from apparent sugar values. 

A few examples are given in Table I to illustrate how misleading 
such figures are. In the case of sheep blood, for instance, the 
apparent sugar values (total reduction in tungstate filtrates) indi- 
cate that the distribution ratio, corpuscle sugar to plasma sugar, 
equals 0.53, whereas the actual ratio obtained from true sugar 
values (fermentable reducing substance in tungstate filtrates), is 
0.09. Or, in pig blood the concentration of sugar in the corpuscles 
is seemingly 41 per cent of that in the plasma as calculated from 
apparent sugar values, while the true sugar values reveal that the 
corpuscles contain no sugar at all. Thus, in connection with an 
examination of possible relationships between the distribution of 
sugar and the rate of glycolysis, it appeared necessary to determine 
in terms of true sugar values the distribution in the bloods of the 
several species involved. 


Distribution of Sugar 


In the greater part of these experiments, conducted in 1927 and 
1928, the analytical method previously described (1) was followed 
in its entirety. In more recent analyses the copper method (2) 
was employed for the precipitation of proteins (zine is unsuitable 
for plasma and serum); the filtrates yielded true sugar values 
which, in comparative determinations, agreed with the results 
obtained in tungstate filtrates by the fermentation technique. 
The corpuscle sugar was computed from three experimentally de- 
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termined quantities: corpuscle sugar per 100 ce. 100 (whole 
blood sugar — plasma sugar xX _ plasma volume) /cell volume. 
Direct determination of the sugar content of corpuscles yields 


TABLE I 
Distribution Ratios Calculated from Apparent and from True Sugar 


Values 
True sugar (apparent | Distribution ratio, 
) Sugar minus reducing corpuscle sugar: 
Species non-sugars ) serum sugar 
Corpuscles} Serum /Corpuscles| Serum | Apparent True 
mg. per mg. per mg. per mg. per 
cent cent cent cent 
Guinea pig.......... 9] 133 4() 124 0.68 0.33 
46 87 7 80 0.53 0.09 
40 Q7 0 90 | 0.41 | 0 


TABLE II 
Partition of Sugar between Corpuscles and Serum in Blood of Various 


Mammals 
Distri- Distri- 
True sugar bution True sugar | bution 
content ratio, content ratio, 
1. sugar: Gin, 1. sugar: 
mg. per |mg. per mg. per |mg. per 
cent cent cent cent 
61 136 | 0.45 | Rabbit........ 42 144 | 0.29 
36 101 | 0.36 4() 147 | 0.27 
13 80 | 0.16 | Guinea pig 40} 124 | 0.338 
Readers 35 150 | 0.23 cus rhesus)..| 121 149 | 0.82 
73 263 | 0.28 114 151 | 0.76 


acceptable results only in cases where the rate of glycolysis is very 
low and consequently the loss of sugar during the separation of the 
cells is negligible. The blood samples analyzed were in every 
instance fresh; 1 to 1.5 mg. of potassium oxalate per ce. was added 
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as anticoagulant except in experiments in which glycolysis also 
was studied; in these cases the blood was defibrinated. 

Table II contains representative examples showing the distribu- 
tion of true sugar in the blood of various species, results’ which 
differ considerably from the multitude of data encountered in the 
literature. The latter show either much higher sugar concentra- 
tions in the corpuscles than we are reporting, or else state that the 
blood corpuscles in all or most mammals are entirely sugar-free. 
The inconsistencies are brought about chiefly by differences in 
analytical procedure. ‘Total reduction, the value generally de- 
termined, is known to include an appreciable fraction of non-sugar 
reducing substances, particularly in the protein-free filtrates of cor- 
puscles. The magnitude of this fraction is greatly affected by 
two factors, namely by the method of deproteinization and by the 
composition of the oxidizing reagent employed. This explains 
the figures which are too high. The complete absence of sugar in 
corpuscles, on the other hand, is unvariably reported by investiga- 
tors who considered it necessary to wash the corpuscles prior to 
analysis (Otto, Bang, Lytkens, Glassmann), not suspecting that 
such treatment promptly removes the total sugar content of the 
corpuscles. 

If we disregard the results of such faulty technique, there are 
nevertheless cases in which the corpuscles seem to be actually 
free of sugar. In a sample of pig blood, for example (Table I), 
the corpuscles contained no fermentable reducing substance. In 
a beef blood and in two samples of sheep blood the sugar in the 
corpuscles was so low as to suggest that these corpuscles too, were 
sugar-free and that the slight sugar content found was probably 
the result of experimental inaccuracy. Such inaccuracy may slip 
in at the determination of the cell and plasma volume and become 
a factor of some importance in the calculation of the corpuscle 
sugar. We have ascertained that after the customary centrifu- 
gation for the determination of the cell volume, the amount of 
plasma still adhering to the cells will in some instances suffice to 
account for the slight sugar content attributed to the corpuscles. 
If the separated corpuscles are suspended for a few moments in 
isotonic salt solution, then centrifuged, the rinsed off plasma 
proteins can be determined in the salt solution. The volume of 
this intercellular plasma can thus be calculated, deducted from the 
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cell volume, and added to the plasma volume. In cases like the 
beef and sheep blood samples under consideration, such correction 
reduces the small difference between the two quantities, whole 
blood sugar and plasma sugar times plasma volume, to zero or near 
zero, indicating that the entire blood sugar is contained in the 
plasma and that the corpuscles are wholly devoid of sugar. This 
correction was not generally applied in the present study partly 
because of the tediousness of the procedure, partly because the 
error involved is insignificant when the sugar content of the cor- 
puscles is not very low. 

Comparison of the distribution of blood sugar in the several 
species examined shows great variations, the quotient, corpuscle 


TABLE III 
Relation of Rate of Glycolysis to Partition of Sugar and to Rate of Phosphate 
Cleavage 
Phosphate Phosphate 
Hourly | Ratio cleavage Hourly | Ratio cleavage 
rate of | of | series of rate of | of | series of 
glycol-| distri- | Engelhardt glycol- | distri- | Engelhardt 
ysis | bution an ysis | bution and 
Liubimova Liubimova 
mg. per mg. per 
cent ‘ cent 
Rabbit..... 28 0.30 | Rabbit 3 ee 4.5 | 0.43 
Guinea pig.| 23 0.36 | Guinea pig} Ox. 4.5 | 0.18 
0.42 3.510 Pig, dog 
21 0). 24 Sheep 2.5 | 0.16 
Monkey....| 17 0.83 Cow 
eee 16-18) 0.80 | Man 


sugar/plasma sugar, ranging from 0 to 0.45, values much lower 
than are established for human blood. Monkey blood is the sole 
exception, with a distribution ratio of 0.76 to 0.85, the same as in 
human blood. 


Ratio of Glycolysis 


A few years ago Loewi espoused the theory (3) that the initial 
step in the utilization of glucose in living cells in general is adsorp- 
tion of the sugar by the cell membranes, the extent of this ad- 
sorption being the determining factor in the rate of the chemical 
changes involved. The only proof to support this sweeping con- 
cept was based upon experiments in blood glycolysis, rather slender 
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evidence having been offered to the effect that a shift in the dis- 
tribution of sugar between corpuscles and plasma in favor of the 
corpuscles enhances glycolysis. The substantial differences in the 
concentrations of corpuscle sugar in the bloods of various animals, 
_as found in our experiments, prompted us to investigate the rela- 
tionship between the concentration of corpuscle sugar and the rate 
of glycolysis. The results of this investigation, recorded in Table 
III, show the absence of any relationship between the two quanti- 
ties. In the first column of figures in Table III are presented the 
rates of glycolysis in various species, arranged according to de- 
scending magnitudes, the corresponding distribution ratios being 
aligned in the second column. It is evident that the two series 
show no parallelism. Thus the rate of glycolysis in rabbit blood is 
50 per cent higher than in human blood, although the relative 
sugar concentration in rabbit corpuscles is but one-third of that 
in human corpuscles. Or, comparing dog and calf blood it may 
be seen that, notwithstanding the identity of the sugar content 
of the corpuscles, the rate of glycolysis in dog blood is 5 times as 
high as in calf blood. 

While at variance with Loewi’s theory, our findings are in 
general accord with observations made by Engelhardt and Liubi- 
mova (4) which came to our attention after this study had been 
closed. These authors discovered that the rate of glycolysis 
runs generally parallel with the ability of the erythrocytes to 
liberate inorganic phosphate, 7.e. that in bloods in which the rate 
and extent of the phosphate cleavage is greater, the rate of gly- 
colysis also is higher. According to the rate of phosphate cleav- 
age, Engelhardt and Liubimova arranged the animals investigated 
in the following series: cow < goat, horse < dog, pig < man, 
guinea pig < rabbit. When the members of this series are placed 
in the last column of Table III, arranged in the order of decreasing 
rate of phosphate cleavage, the parallelism between this and the 
rate of glycolysis becomes obvious. 


SUMMARY 
The distribution of sugar between the corpuscles and plasma in 
the blood of various mammals was determined in terms of true 


sugar values. 
In all the species studied, excepting the monkey (Macacus 
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rhesus), the ratio of the sugar content of corpuscles to that of 
plasma is substantially lower than in human blood. In some 
cases the corpuscles are entirely free of sugar. Human blood 
and monkey blood show the same ratio of distribution. 

The rate of glycolysis is not related to the partition of the sugar 
between corpuscles and plasma, but runs parallel with the rate of 
phosphate hydrolysis in the corpuscles (Engelhardt and Liubi- 
mova). 
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NEW NUTRITIONAL FACTORS REQUIRED BY 
THE CHICK* 


By J. A. KEENAN, O. L. KLINE, C. A. ELVEHJEM, anv E. B. HART 


(From the Department of Agricultural Chemistry, University of 
Wisconsin, Madison) 


AND J. G. HALPIN 


(From the Department of Poultry Husbandry, University of 
Wisconsin, Madison) 


(Received for publication, October 4, 1933) 


In previous communications from this laboratory (1, 2) it was 
demonstrated that vitamins B; and B,» are indispensable for the 
normal growth and development of the chick but that this species 
does not require the heat-labile vitamin B3; or any other factor 
which is destroyed by heating at 100° or below for 24 hours. The 
heat treatments which we have described for the destruction of 
vitamins B,; and By, in natural grain rations are very valuable for 
studying these components of the vitamin B complex but do not 
allow the investigation of further essential factors. It was neces- 
sary, therefore, to resort to the use of synthetic diets. 

Serious difficulties have been encountered by all workers who 
have attempted to rear chicks on purified diets. In 1920 Hart, 
Halpin, and Steenbock (3) used synthetie diets for studying the 
nutritional requirement of chicks, but their results were dis- 
cordant due to lack of knowledge concerning vitamin D. The 
same investigators obtained better results in 1923 (4) when the 
synthetic diet was supplemented with ultra-violet light, dried 
clover, and dried brewers’ yeast. Normal growth was not ob- 
tained, however, even when 15 per cent of yeast was fed. Hogan 
and coworkers (5) have reported numerous attempts to rear chicks 
on synthetic diets. They were unable to obtain complete success 


* Published with the permission of the Director of the Wisconsin Agri- 
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in any case although all the known factors required by the chick 
were incorporated into the experimental rations. Very recently 
Hogan and Boucher (6) have reported a successful attempt to com- 
pound a ration which is adequate for chickens through one gen- 
eration. 

It is our purpose in this paper to demonstrate that a synthetic 
diet containing ample quantities of vitamins A, B;, Be, and D 
cannot support normal development in young chicks until two 
additional factors, both present in liver, are supplied, and that 
one of these factors is identical with vitamin B., which Reader 
and coworkers have found to be essential for the rat. 


EXPERIMENTAL 


Day-old white Leghorn chicks were used exclusively as experi- 
mental animals. They were divided into groups of seven and 
placed in pens equipped with wire screen bottoms and suitable 
warmers. 

The basal synthetie diet which was used throughout the entire 
work had the following composition. 


per cent 


The casein was a domestic acid-precipitated product obtained 
from Casein Manufacturing Company, Union, Illinois. The 
dextrin was prepared by autoclaving corn-starch for 3 hours 
at 15 pounds pressure. ‘The inorganic salt mixture used was 
Steenbock and Nelson Salts 40 (7) which was modified to con- 
tain 0.246 gm. of MnSO,-2H.O, 0.209 gm. of ZnCle, and 0.225 
gm. of CuSO,-5He2O per kilo. The yeast used in this basal diet 
was obtained fresh from the Red Star Yeast Company in 
Milwaukee and dried at 65° before being used. For later trials 
Anheuser-Busch yeast, « dried and pulverized product, was 
used instead of the Red Star yeast. Differentiation between 
these diets will be made by designating the ration containing 
Red Star yeast as Ration 439, and that carrying Anheuser-Busch 
yeast as Ration 440. The synthetic diets were never made up 
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in greater than 2 kilo quantities, which necessitated the renewal 
of all ingredients every 2 weeks. All supplements to these diets 
were made at the expense of the dextrin. | 
Description of the Deficiency—The inadequacy of these diets 
for the early nutrition of the chick was first apparent through their 
inability to promote normal growth. An average record of 88 
chicks on Ration 439 is givenin Table I. They reached an average 
weight of 70 gm. at 3 weeks of age. After 2 to 3 weeks on this 
ration the chicks developed an abnormality which we have charac- 
terized under the general term “‘paralysis.’”’ The onset of the 


TABLE I 
Supplements to Synthetic Ration 439 
No. of , ‘eigh 
chicks on of 
ment 3 wks. 6 wks. paralysis} 6 wks. 
per cent wis. gm, gm. 
SS None 2 70 82 79 
10 Yellow corn 12 3 110 255 3 3 
10 Wheat germ 12 3 120 290) i} 
10 middlings 12 3 115 265 4 3 
10 Skim milk powder 4 3 80 205 7 7 
10 Egg yolk 12 3 90) 190 2 2 
10 Dried carrot 1 2 75 198 4 3 
10 Whole liver 8 4 85 217 6 2 
10 5 3 12 4 115 280) 2 
10 7 ” 18 133 334 | 


paralysis is marked by the preference of the bird to squat rather 
than stand. If disturbed, it will rise, walk a short distance, and 
squat again. In almost all cases a marked atrophy of the leg 
muscles can be detected. Some birds lack proper coordination of 
the muscles, which causes extreme difficulty in locomotion. At 
the same time the toes of one or both feet may be in a state of 
flexion or extension. Generally death occurs a few days after the 
development of these symptoms, but chicks that grow slowly may 
survive 2 to 3 weeks. However, we have seldom had any chicks 
on the synthetic diet live longer than 5 weeks. Of the 88 chicks 
listed in Table I 82 developed paralysis and 79 were dead at 6 
weeks of age. 


q 
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Pappenheimer and Goettsch (8) have reported the presence of 
extensive lesions of the cerebellum and occasionally of the cere- 
brum of chicks reared on simplified — Gross and micro- 
scopical examination of the brains of a‘/number of our deficient 
birds has revealed a degeneration confined in most instances to the 
cerebrum and in a few cases to the cerebellum. The affected area 
appears white and caseous, and the cells are edematous in charac- 
ter. Pappenheimer has also examined the brain of one of Hogan’s 
(6) paralytic birds and reported the presence of well marked lesions 
in the cerebellum. Brain degeneration thus appears to be an 
abnormality common to birds reared on purified diets in which 
vitamins B,; and Be are supplied by yeast. There is little reason to 
doubt that the symptoms encountered by us and by Pappen- 
heimer (8) and Hogan (6) are identical. 

Is the inadequacy of our synthetic diet due to the absence of any 
‘factors previously recognized as being necessary to the chick? 

In formulating our basal synthetic diet, the level of vitamins 
A, B,, Be, and D to be introduced was predetermined with chicks 
reared on natural grain rations deficient in each of these factors. 
To avert the possibility that any of these factors were too low in 
the synthetic diet, the levels were increased. Raising the amounts 
of vitamins A and D in the ration was of no value, while larger 
amounts of yeast merely delayed the onset of the paralysis. That 
4 per cent of either Red Star or Anheuser-Busch yeast would meet 
all requirements of the chick for vitamins B; and Be was deter- 
mined by methods previously described (1). Furthermore, 
typical symptoms of polyneuritis or pellagra have rarely been 
observed in our paralytic birds. The administration of large doses 
of a yeast suspension has had no beneficial effect. Orange juice 
was also fed with the basal diet, but since this supplement did not 
reduce the proportion of failures, it was disregarded in subsequent 
experiments. It has been demonstrated by Hogan (6) that vita- 
min FE, likewise, had no beneficial effect when incorporated in his 
basal synthetic diet. 

Fat and protein were also raised in our basal diet but the tend- 
ency was to speed up the onset of the deficiency rather than delay 
it. It therefore appears that the factor, or factors, responsible 
for normal growth and prevention of paralysis in chicks reared on 
our synthetic ration is not due to a lack of vitamins A, By, Ba, 
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(‘| D, E, or to fat or protein. With the knowledge of the com- 
plexity of vitamin B, it appeared logical that the deficiency might 
be due to a lack of one or more factors of the vitamin B complex, 
not previously described as being necessary for the chick. 

Working on this hypothesis, we turned our plan of experimenta- 
tion to the search fora foodstuff which, when placed in the synthetic 
diet, would render it complete for the chick. Wheat germ, wheat 
middlings, yellow corn, carrots, skim milk powder, and egg yolk, 
were added to Ration 439 at levels varying from 1 to 12 per cent. 
The results are tabulated in Table I. The addition of 12 per cent 
of yellow corn, wheat middlings, or wheat germ increased the rate 
of growth to some extent but there were still a large number of 
eases of paralysis. The skim milk powder, egg yolk, and carrots 
produced less growth stimulation and also failed to reduce the 
number of failures materially. Paralysis was most prevalent in 
the group receiving the skim milk powder. 

Norris and coworkers (9) and Bethke and associates (10) have 
suggested that milk and certain other natural foods contain a 
factor, vitamin in character, which is essential for the prevention 
of a type of paralysis in poultry involving the legs and feet. It is 
entirely possible that the paralysis observed by these workers is 
similar to what we have observed, but our inability to prevent the 
paralysis with the above natural food materials was either due to 
the greater deficiency of our synthetic ration in the antiparalytic 
factor or to the relatively lower levels of the natural food sup- 
plements used. 

Our first success was obtained by supplementing the basal diet, 
Ration 439, with dried hog liver. This material was obtained 
from Dr. David Klein of The Wilson Laboratories and was pre- 
pared from fresh hog liver by vacuum desiccation. Lower levels 
of this supplement, 7.e. 8 per cent and 12 per cent, did not offer 
complete protection against the abnormality, but the chicks sur- 
viving did attain a growth superior to any previously recorded 
upon the synthetic diet alone (Table I). It was not until 18 
per cent of the dried liver was used as a supplement that normal 
growth and complete freedom from paralysis was obtained. The 
birds averaged 334 gm. at 6 weeks, which is comparable with the 
growth obtained on natural grain diets. 
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Dissection of Whole Liver 


The success obtained with the dried liver focused our attention 
upon a separation of the factor (or factors) present in this food- 
stuff responsible for its marked antiparalytic and growth-pro- 
moting property. Since 12 per cent of the whole liver appears 
to be a border-line level and 18 per cent to be sufficient to pro- 
tect the chick from paralysis and to promote normal growth, all 
extracts made from this substance were incorporated into the 
basal diet at a level equivalent to or greater than 18 per cent. 


TABLE II 
Treatment of Whole Liver Substance 

Average 
5 aly 3 

wks.| gm. | gm 

10 | Ether extract of liver 18! 2] 110) 6 4 
439) 10 = 18 166} 462 
439| 7 | 50 per cent EtOH extract of liver = 24) 3 | 208) 2 
7 | Acetone extract of ether residue =< 36! 2 92 
439| 7 | H.O = 24; 4)! 73) 181) 3); O 
439| 7 ‘“* residue of ether residue 24) 2) Hi 7| 4 
439| 7 “extract + residue of liver = 24; 4] 96) 266; 3); O 


An ether extract was made by refluxing the whole liver sub- 
stance three times for periods of 6 hours each. The extracts were 
filtered by suction, combined, and evaporated upon dextrin at 
50° before an electric fan. The dextrin containing the ether ex- 
tract at a level equivalent to 18 per cent of the original liver was 
then incorporated into Ration 439. The residue was dried sepa- 
rately at 50° and then fed with Ration 439 at the same level. The 
results obtained from feeding the ether extract and residue of the 
liver are given in Table II. The birds receiving the ether extract 
grew very poorly and developed paralysis at 2 weeks of age. The 
residue from the ether extract of the liver was capable of promoting 
a growth superior to any supplement previously assayed and of 
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offering complete protection against the paralysis. Other fat 
solvents, as alcohol (50 per cent, 70 per cent, 95 per cent) and 
acetone, were used to extract the hog liver, but, as may be seen 
from Table II, were likewise incapable of paralysis prophylaxis 
and the promotion of normal growth. This indicated that the 
factor (or factors) responsible for rendering our synthetic diet 
complete were non-lipoidal in character. 

Our next significant step consisted of treating the defatted 
liver residue from above three times with warm (60°) water, for 
periods of 12 hours each. The combined extracts were filtered 
through «a Buchner funnel and evaporated upon dextrin at 50° 
before an electric fan. The residue was dried at the same tem- 
perature before being added to the basal diet. 

When the water-extracted residue was added to the synthetic 
diet in amounts equivalent to 18 per cent of the original liver the 
birds grew normally for 2 to 3 weeks until the onset of typical 
paralysis. The paralysis in these cases was much more severe 
than on the synthetic ration alone and the birds succumbed very 
soon after the development of the abnormality. 

The birds receiving the water extract on an equivalent basis 
grew very slowly and appeared in poor condition yet the severity 
of the paralytic symptoms was decreased to a considerable extent. 
Of the seven birds receiving this diet, three developed paralysis 
during the 4th week but no deaths were recorded during the experi- 
mental period. This demonstrated that the residue still contained 
a factor promoting growth but that the water extraction had re- 
moved a factor concerned in the prevention of paralysis. How- 
ever, it gave no definite indication that the paralysis-preventing 
factor was recovered completely in the water extract. It was, 
therefore, evident that in the process of this partition, the factor 
which may be designated the antiparalytic factor was separated 
from another distinct growth-promoting factor either by solution 
or partial destruction. That complete destruction was not the 
case is evident from the fact that good results were obtained when 
the extract and residue were both added to the basal diet, Ration 
439 (Table I1). Later trials with larger quantities of the water 
extract indicated that it contained the antiparalytic factor but that 
the ill effects obtained were due to the presence of toxic materials 
in the extract. 
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Before a further fractionation of the liver could be undertaken 
for the purpose of concentrating the antiparalytic factor, it was 
necessary to construct a synthetic diet containing the growth 
factor. For this purpose the water-extracted liver residue and a 
similar commercial product obtained from Dr. Klein of The 
Wilson Laboratories were used as sources of the growth factor. 
With the subsequent finding that an autoclaving temperature 
(pH unchanged) would destroy the antiparalytic and save the 
growth-promoting factor in liver (see Table III) a ration prac- 
tically devoid of the antiparalytic substance was compounded. 
This ration, hereafter designated Ration 441, contained 10 per 
cent of the autoclaved liver preparation from either source enum- 


TABLE III 
Heat Lability of Antiparalytic Factor 


No. of 
Onset Aver- No. 
— su slement of age ith — 
sup} paral- paral- 
mank* ysis 3 wks. ysis 
wks. gm. 
43 None 2 60 42 42 
7 18 per cent autoclaved ether residue 2 68 5 2 
7 5 per cent H.O residue of liver + 18 per 2 75 7 3 
cent autoclaved ether residue 


* All chicks were fed Ration 440. 


erated above. Upon this diet (Ration 441) the birds grew normally 
during the first 3 weeks, at which time there was a sudden occur- 
rence of paralysis in practically all of the birds. The heat stability 
of the growth factor to autoclaving temperature (pH not changed) 
has also been demonstrated with complete natural grain diets, 
in which it is responsible for increasing the growth of chicks 30 
per cent in the first 6 weeks. T'urther studies on the growth factor 
will be reported in a later paper. 


Concentration of Antiparalytic Factor 


Since the water extracts of liver containing the antiparalytic 
factor were slightly toxic to chicks when fed without further puri- 
fication, it was apparent that a more complete separation was 
necessary. The properties of this factor thus far elucidated would 
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link it with a water-soluble and heat-labile factor. Since we had 
already shown that it could not be vitamin B,, we were led to con- 
clude that it might be associated with vitamin B, which Reader 
(11) has found necessary for rats. A purification of the water 
extract according to the methods of Kinnersley, O’Brien, Peters, 
and Reader (12) and Barnes, ©’ Brien, and Reader (13) was there- 
fore attempted. 

The detailed method followed for each batch of liver is as follows: 
600 gm. of defatted hog liver were extracted three times with water, 
800 ce. of water being used for every 100 gm. of dried liver ma- 
terial. The water and liver mixture was maintained at a tem- 
perature of 60° for 2 hours and then filtered. The combined 
filtrates from this process made a volume of approximately 12 
liters. 10 ce. of a 25 per cent neutral lead acetate solution were 
then added to each liter of extract obtained and the solution 
wllowed to stand overnight. ‘The extract was then further treated 
with the lead acetate solution until complete precipitation occur- 
red. The solution was filtered by suction through a Buchner 
funnel and the filtrate treated with a hot solution of baryta (400 
ym. of Ba(OH),. to 100 ec. of boiling water). The precipitate 
formed from this operation was immediately filtered off. As soon 
as possible dilute H»SO; was added to the filtrate, bringing the 
solution to a pH of 1.0. After standing for 2 hours the BaSO, 
was filtered off and the pH again adjusted to 1.0 with dilute HCI. 
90 gm. of norit charcoal were added to the acid solution, the solu- 
tion stirred 30 minutes, and the charcoal filtered off by suction on 
Buchner funnels. The charcoal was washed with 150 ec. of 0.1 
N H2SO, and then transferred to 200 ce. of 50 per cent acid ethy] 
alcohol brought to a pH of 1.0 with HCl. After standing over- 
night the material was warmed to 70° in a water bath and the 
charcoal removed by filtering. This elution process was repeated 
three times. The combined acid aleohol extracts were then con- 
centrated ¢n vacuo under nitrogen at 45° until a volume was ob- 
tained such that 1 cc. was equivalent to 4 gm. of the original de- 
fatted liver. The concentrate was brought to pH 3 with NaOH 
and stored at 10°. 

Birds receiving basal Ration 441 were fed this concentrate daily. 
In the first trials 1 ce. was administered daily throughout the 6 
week experimental period. This amount of concentrate was 
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not capable of preventing paralysis in the chicks during the 3rd 
week. It, therefore, seemed advisable to feed graded amounts; 
e.g., 0.5 cc. during the Ist week, 1 cc. during the 2nd week, and 
sufficiently increased amounts thereafter to prevent paralysis and 
allow normal development. <A total of twelve chicks has been 
reared on Ration 441 plus the concentrate from liver. The 
average daily dose of the concentrate which was required each 
week to allow normal development is given in Table 1V. A com- 
parison is also made between the amount of defatted liver equi- 
valent to the dosage and the amount of defatted liver consumed 
when 16 per cent was added to the diet. 


TABLE IV 
Daily Dosage of Concentraie Required to Protect the Chick 


Original liv Equivalent amount of 
wks. gm. Ce. gm. 
1 1.2 0.5 2.0 
2 1.6 0.75 3.0 
3 2.2 1.5 6.0 
4 2.4 2.5 10.0 
5 2.5 3.5 14.0 
6 2.8 4.0 16.0 


It is evident from these results that at least one-fourth to one- 
fifth of the activity of the original material is obtained in the 
concentrate. 

The behavior of chicks receiving basal Ration 441 (synthetic 
basal plus 10 per cent autoclaved liver residue) and the concen- 
trate isgivenin Table V. Although these birds attained an average 
growth at 6 weeks of only 310 gm. (40 gm. below a normal growth 
curve) they did appear normal in every respect. Fig. 1 illustrates 
a bird fed Ration 441 alone and one fed the same diet plus the 
concentrate from liver. The slight retardation of growth may 
be attributed to the daily handling of the birds. Birds reared 
on Ration 441 and receiving the concentrate exhibit no atrophy 
of the muscles, curling of the toes, or degeneration of the brain. 
It therefore appears that the factor responsible for preventing 
the paralysis encountered with chicks reared on our synthetic 
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E diets is either vitamin B, or a substance very closely aligned with 
it, chemically and physically. 


TABLE V 


Use of Vitamin B, Concentrates 


No. of | Average 


chicks — weight er Deaths 
on Preparation used with | at 
experi- | paral- 6 wks 
ment* ysis 3 6 ysis , 
| wks.) wks. 
| wks gm gm 
14 None 3 100 13 8) 
12 Vitamin B, concentrate from liver 125, 310 
6 “grass 90; 262 
4 ‘alfalfa 4 75) 150 2 


* All chicks were fed Ration 441. 


Fic. 1. Left-hand chick from Group 195 receiving basal Ration 441 only. 
Age 5 weeks, weight 140 gm. Right-hand chick from Group 190 receiving 
basal Ration 441 plus the vitamin By, concentrate from hog liver. Age 5 
weeks, weight 310 gm. 


Because of the known general adequacy of green plant tissue 
as a nutritional supplement and since grass or alfalfa would be 
easier to handle chemieally than liver, a coneentrate of vitamin 
B, from the water extract of these tissues has been tried. Ken- 
tucky blue-grass and alfalfa used for these experiments were cut 


| 
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fresh, dried at room temperature, ether-extracted, and the vi- 
tamin B, concentration made upon the water extract of the pulp. 
The results obtained with grass and alfalfa as sources of the anti- 
paralytic factor are given in Table V. When fed on an equal 
weight basis, Kentucky blue-grass is slightly superior to hog liver 
as a source of the antiparalytic factor. Alfalfa, however, is 
inferior to both the liver and grass in supplying the paralysis- 
preventing factor. 


DISCUSSION 


The results presented in this paper bear an interesting rela- 
tionship to a number of nutritional problems. The fact that 
a synthetic diet containing yeast can be rendered complete for 
normal growth and development of chicks only when a relatively 
large percentage of liver is added explains why so many workers 
have failed to rear chicks on purified diets. The liver supplies 
at least two factors which hitherto have not been recognized as 
essential for the chick. The suecess which Hogan and Boucher 
(6) have obtained recently is undoubtedly due to the presence of 
an ample supply of these factors in the hydrolyzed yeast, ether 
extract of egg yolk, liver extracts, and tikitiki which they added 
to the synthetic diet. Which of these materials furnished the 
largest amount of each of these factors can only be determined 
after the foods have been assayed for the antiparalytie factor 
(vitamin B,) and the growth factor. An extensive study may 
reveal foods which are richer in these factors than liver. We have 
shown that Kentucky blue-grass may be slightly richer in vitamin 
B, than liver. Hogan and Boucher (6) found that acid-hydro- 
lyzed yeast added to the synthetic diet produced a much greater 
stimulation in growth than did the untreated yeast. It is en- 
tirely possible that the growth factor which we have found in 
liver is also present in yeast but cannot be utilized by the chick 
until it is made available by hydrolysis. 

The high requirement of the chick for the antiparalytie and 
growth factors makes it a valuable experimental animal for further 
work. An unpurified synthetic diet containing 8 to 12 per cent 
of yeast is deficient in both faetors when used for the chick but 
will support normal growth in the rat. The smaller requirement 
of the rat for vitamin B, is also shown by the fact that Reader (11) 
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found it necessary to use a highly purified ration for the produc- 
tion of vitamin B, deficiency in the rat. Reader and coworkers 
(13) were also able to prepare a crystalline material from yeast, 
which was highly active in preventing vitamin By, deficiency. 
It is very probable that the yeast which they used was higher in 
this factor than the yeast which we have used. 

The characteristic symptoms which chicks exhibit when de- 
prived of the antiparalytic factor make it easy to diagnose this 
deficiency in the chick. Although there is considerable similarity 
between the symptoms which we have observed in the chick and 
those described by Reader and coworkers in the rat, our demon- 
stration of the requirement of the chick for vitamin B, is based 
entirely upon the fact that our concentrate, prepared by the 
method of Reader, is capable of preventing the paralysis en- 
countered when birds are reared on synthetic diets. 

It is also important to point out that vitamin B, is no longer 
the only factor of the vitamin B complex which is required by 
both rats and chicks. We have shown previously that chicks 
require vitamin B, but not vitamin B;, and this work demon- 
strates the necessity of vitamin B,. Thus, vitamins B,, Be, and 
B, are required in common by the rat and the chick. Whether 
the growth factor described in this paper is related to vitamin B; 
which Peters found to be necessary for pigeons is not known. A 
more complete discussion of the properties of this factor will be 
given in a later paper when its relation to the growth-promoting 
power of liver described by Mapson (14), Daggs (15), and Seegers 
and Smith (16) will be considered. 

The work of Madsen, MeCay, and Maynard (17) indicates that 
herbivora on synthetic diets may also suffer from the lack of 
factors similar to vitamin B;. They were able to render diets 
complete by the addition of alfalfa. 

There are a number of indications that both the faetors de- 
scribed in this paper may be of considerable importance in the 
feeding of chicks under practical conditions. We have observed 
several cases of paralysis in groups of chicks reared on natural 
grain rations. ‘The majority of these cases was encountered with 
natural grains that had been stored for several months. Norris 
and coworkers (9) and Bethke and associates (10) have also 
reported similar paralysis on natural and modified natural rations. 
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Should further work substantiate our belief that vitamin B, is 
deficient in certain practical rations, then a knowledge of the dis- 
tribution of this factor may aid in combating such abnormalities 
as “‘range paralysis’ and ‘‘crazy chicks.”’ 

It is difficult to predict the significance of these factors in 
human nutrition, but there is no reason to believe that they are 
not equally as important in human dietaries as are the other 
known vitamins. The limited supply and the relative lability 
of vitamin B, indicates that at least this factor may be a critical 
factor in normal nutrition. These are questions which can be 
answered only by further work. 


SUMMARY 


1. Day-old, white Leghorn chicks placed upon a simplified diet 
of casein, dextrin, salt mixture, yeast, and cod liver oil not only 
fail to grow normally but develop at about 3 weeks of age a 
typical paralysis. The paralysis is accompanied by a degen- 
eration of the brain similar to that described by Pappenheimer 
and Goettsch. 

2. The addition of 18 per cent of vacuum-desiceated hog liver 
to the synthetic diet produced normal growth and freedom from 
paralysis. The liver retained its potency after ether extraction. 

3. The defatted liver substance contains two factors, one in- 
soluble in water and necessary for normal growth, and one soluble 
in water and necessary for the prevention of paralysis. 

4. When the liver was autoclaved at its natural pH, the anti- 
paralytic factor was destroyed but the growth factor was un- 
affected. 

5. Evidence is presented to show that the antiparalytic factor 
is probably identical with vitamin B, described by Reader and 
associates as being essential for the rat. 


We are indebted to Dr. Paul H. Phillips of this department for 
the microscopic examination of the brains of our paralytic birds. 
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THE DISTRIBUTION OF VITAMIN C IN PLANT AND 
ANIMAL TISSUES, AND ITS DETERMINATION *; 


By OTTO A. BESSEY anp C. G. KING 
(From the Department of Chemistry, University of Pittsburgh, Pittsburgh) 
(Received for publication, October 20, 1933) 


The study of vitamin C in relation to its functions in plant and 
animal tissues is greatly facilitated by its striking characteristic 
as a strong reducing agent. Isolation and identification of the 
vitamin as a single substance (1), which had been previously 
studied as a reducing substance in biological systems (2), has been 
verified in a number of laboratories (3) and has made possible a 
direct chemical approach to the study of vitamin C metabolism. 
The quantity of vitamin in most tissues is too small, and its isola- 
tion too intricate (4) for rapid progress based entirely upon its 
separation. Accordingly the development of a direct titration 
method for estimating the vitamin content of tissues is of great 
importance. 

Using the oxidation-reduction indicator, 2 ,6-dichlorophenol- 
indophenol, introduced by Mansfield Clark and associates (5), 
Tillmans and associates (6) have introduced a method (supported 
by a considerable amount of animal assay work) which, with vari- 
ous minor modifications, has come into extensive use (7, 8) for 
the direct titration of the vitamin. 

Studies in our laboratories during the past year have led to 
minor deviations from the method proposed by Tillmans, and 
have further demonstrated its value in physiological studies. 


* Contribution No. 274 from the Department of Chemistry, University 
of Pittsburgh. 

Much of the material upon which this paper is based was presented 
before the meeting of the American Chemical Society at Chicago, August, 
1933. 

+ The authors are greatly indebted to Parke, Davis and Company, and 
the Abbott Laboratories, for a Research Fellowship Grant during the 
course of this investigation, and to the California Fruit Growers Ex- 
change for supplying the lemons used. 
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Preparation of Indicator Vhe preparation of the dye indicator, 
2 .6-dichlorophenolindophenol, has been readily followed by sev- 
eral students in our laboratory, using essentially the method given 
by Clark and associates (5). To 5 gm. of powdered 2 ,6-dichloro- 
quinonechloroimide (Eastman IKkodak Company) in a_ beaker 
cooled in an ice bath, add 2.25 gm. of phenol and stir thoroughly. 
Slowly, and with constant stirring, add 18 ee. of 3 .N sodium hy- 
droxide solution, keeping the temperature near O°. After 30 
minutes add 150 ee. of 15 per cent salt solution, stir until precipi- 
tation is practically complete, and filter on a Buehner funnel. 
The crude dye is then stirred with successive 300 ce. portions of 
~ warm distilled water until dissolved (2 to 3 liters), and again salted 
out by the slow addition of salt with stirring. The filtered and 
rinsed precipitate dries in 2 to 3 days in a vacuum desiceator, giv- 
ing a yield of 4 to 5 gm. An extraction of the dry powdered dye 
with ether is advantageous in that resalting out alone may not 
remove a small amount of red-colored impurity which may mask 
the end-point during titration. 

Standardization of Indicator Solution—-Yo prepare the indicator 
solution, dissolve 0.10 gm. of the dry dye with successive portions 
of warm water, cool, add water to make the volume 200 ec., and 
filter. The keeping quality of the dye is improved by adding a 
small amount of phosphate buffer, pH 6.8, and storing in a dark 
bottle. Although the dry dye is quite stable, aqueous solutions 
of the dye change slowly and should be restandardized daily. 
Solutions more than 5 days old should generally not be used as it 
is too difficult to obtain a satisfactory end-point, the color change 
being from red to brown instead of red to colorless. 

Tillmans’ method for the standardization of the indicator, by 
the use of a standard ferrous ammonium sulfate solution free from 
dissolved oxygen and carefully buffered with sodium oxalate, was 
found to be inconvenient because of the extreme care necessary 
to exclude air and to have the solution properly buffered. For 
some time we used the pure vitamin for standardizing the reagent, 
but later we found such concordant results with the titration of 
lemon juice that we now use this for routine standardization. 
This is due to the fact that the acid-iodine titration and the dye 
titration of good quality lemon juice give equivalent values for 
the vitamin content. Occasional check titrations against the 
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pure vitamin may be desirable, but in our experience the titra- 
tion of lemon juice with the dye and then with standard iodine 
solution has provided a rapid and satisfactory procedure for stand- 
ardization. 

A 5 ee. portion of freshly prepared, strained lemon juice is ti- 
trated with standard 0.01 N iodine solution containing 15 gm. of KI 
per liter until a permanent bluing of the starch indicator results. 
Each ce. of 0.01 N iodine represents 0.88 mg. of vitamin C (lac- 
tone form). <A separate 5 cc. portion of the juice is then titrated 
with the dye solution to a permanent pink. The iodine titration 
permits calculating the vitamin C content of the lemon juice and 
from this the value of the dye solution can be calculated in terms of 
mg. of vitamin C. The dye and vitamin © react mole for mole, 
according to the equation: 


+ O:CeHoClo: N-CysHyONa + HO-C,HeoCl.- NH-CyHyONa 
Vitamin (Blue in alkali,: (Colorless) 


. red in acid), 


Orange juice (and most other plant juices) cannot be used for 
standardization because it contains appreciable amounts of sub- 
stanees other than vitamin C which titrate with iodine. This 
may be true with lemon juice to a very small degree, but the error 
so introduced is negligible. Using pure vitamin © as a standard 
(after establishing the purity by iodine titration) would be in- 
convenient for many laboratories at the present time. Stand- 
ardizations made by the lemon juice method are in close agreement 
with those made by the method of Tillmans. 

Extraction and Titration of Plant and Animal Tissues—Ex- 
tracts of plant and animal tissues for vitamin C titrations are best 
obtained by thoroughly rupturing the cellular structures in the 

presence of acid. In most cases the simple expression of juice is 
too incomplete to provide an accurate determination of the vita- 
min C content. The presence of acid is necessary to protect the 
vitamin from rapid oxidative reactions which occur upon the lib- 
eration of active enzymes from the macerated cells. Trichloro- 
acetic acid solution is used for extracting animal tissue (proteins 
may interfere with the titration). This reagent causes a slow 
fading of the indicator and allowance must be made for this effect, 
on all titrations. Plant tissues may be satisfactorily extracted 
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with hot acetic acid, which does not react with 2 ,6-dichloro- 
phenolindophenol during the titration and permits a sharper end- 
point. 

A representative portion of the tissue (5 to 10 gm.) is weighed 
and ground in a mortar with acid-washed white sand and 25 ec. 
of either 8 per cent trichloroacetic acid or 8 per cent hot acetic 
acid until a thin paste isformed. The solids are thrown down in a 
centrifuge tube and the clear extract decanted. Another portion 
(10 ce.) of the extracting liquid is used to wash the mortar and is 
then stirred into the solids which are again centrifuged. The 
washing and rinsing process is repeated a second time (5 ec.) and 
the decanted extracts, which contain practically all of the vitamin, 
are combined and made up to a volume (50 cc.) which should 
depend in part upon the vitamin potency of the tissue being tested. 
10 ce. aliquots of the extract are diluted with 40 cc. of distilled 
water (from glass) or 8 per cent acid solution and titrated with 
standard 2 ,6-dichlorophenolindophenol solution until a faint pink 
end-point is obtained. Vitamin C reacts very rapidly with the 
indicator, making only about a minute necessary for the titra- 
tion. The end-point with most plant materials is stable for some 
time, but with animal tissues and extracts containing substances 
such as glutathione and trichloroacetic acid a slow fading occurs 
which must not be confused with the titration of the vitamin. 
Such extracts should be titrated only to an end-point at which the 
rapid fading ceases. A correction for the amount of indicator 
required to titrate a solution of the same acid having the same 
strength and volume as used in the determination should be 
applied to all titrations. 

Since the method is dependent upon the reduction of 2,6- 
dichlorophenolindophenol by vitamin C, it is evident that any 
substance having a reduction potential lower than that of the dye 
is a possible source of interference. Many such substances (glu- 
tathione, cysteine, phenolic compounds, ete.) occur in natural 
systems along with vitamin C. Although the reduction potential 
of vitamin C is not as low as that of many naturally occurring 
substances, the reaction velocity is much greater than that dis- 
played by most of these compounds. 

Several substances considered to be possible sources of inter- 
ference have been tested with 2,6-dichlorophenolindophenol. 
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Glutathione, cysteine, tannic acid, resorcinol, tannin, pyrogallol, 
catechol, glucose, glucose heated a short time with alkali, heated 
acidified glucose, heated acidified sucrose, heated alkaline sucrose, 
invert sugar, heated vitamin-free orange juice, and glucie acid 
(Mottern, Nelson, and Walker (7)) have been tested in aqueous 
acetic acid and trichloroacetic acid solution. Cysteine, pyro- 
gallol, heated alkaline sucrose and glucose, and glucie acid will 
fade the dye to an extent sufficient to cause serious interference in 
a vitamin C titration. 

In the titration of vegetable tissues and extracts having a high 
vitamin C content, such as lemon juice, the error from interfering 
substances has been found to be very low, e.g. 2 to 3 per cent. 
The error tends to increase as the vitamin C content of the material 
being examined decreases. In the titration of animal tissue ex- 
tracts the error reaches 6 to 8 per cent, owing to the use of tri- 
chloroacetic acid in the extraction and the presence of larger 
amounts of other interfering substances. The 2 ,6-dichlorophenol- 
indophenol titration is much more accurate than the biological 
assay method for investigating most plant and animal tissues in 
that it is sensitive to smaller differences. However, the dye 
titration method is valuable only when properly interpreted from 
a consideration of the chemical nature of the material being 
titrated and the possible sources of interference. It is evident 
from the examples cited above that a natural product or a product 
which has been subjected to laboratory or commercial processes 
may reduce 2,6-dichlorophenolindophenol without being anti- 
secorbutic. It is also evident that the vitamin might be present 
in the reversibly oxidized form and not be indicated by the titra- 
tion, although it would respond when tested by animal assay, (9), 
as cited in an earlier paper from our laboratory (1) in explanation 
of the finding by Zilva that there was not always a direct rela- 
tionship between the antiscorbutie activity of laboratory concen- 
trates and their reducing action. 

Comparison of Dye Titrations with Animal Assays—In Table I, 
it will be seen that the dye titrations correspond very closely with 
animal assays on a variety of foodstuffs as well as on the pure 
vitamin. Owing to the uncertain significance of relatively small 
variations in animal assays, however, it is evident that the dye 
titration method offers a technique for studying changes in the 


692 Vitamin C Distribution 

vitamin © content of foods, e.g. during processing, which could 
not readily be followed in animal assay studies. The marked in- 
stability of the vitamin in many plant and animal tissues, espe- 
cially when heated, exposed to air, or left in contact with active 
oxidative enzymes, makes the titration method of study almost 
imperative for many types of physiological investigation and in 
food technological work. The data in Table I also provide an 
illustration of the advantage of using 0.5 mg. of vitamin C as a 
protective feeding level for quantitative studies, in that it affords 
protection from definite scurvy symptoms, permits good survival 
during an assay period, and maintains a growth response which is 


TABLE I t 
Comparison of Animal Assays and Dye Titrations 


Vitamin . Gain in 
titration “score” G0 days) animals 
mg. gm. 
Vitamin C (crystalline lactone) ....... 0.50 0-2 132 5 
Lemon 1.0 0.57 160 5 
“heated (30 min. at 145°), 36 ce...| 0.13 | 15 —111* 6 
‘Peas, cooked, 8 gm................... 0.48 0-2 160 10 
Tomato juice, 2.5 gm................. 0.58 0 210 10 


* 29 days survival. 


reasonably sensitive to fluctuations upward or downward with 
change in vitamin intake. 

In most plant and animal tissues there is a significant amount of 
reducing material which reacts with iodine in acid solution but 
does not react rapidly with 2,6-dichlorophenolindophenol. A 
comparison of the two types of titration is given in Table II, sup- 
plemented by the most accurate data which we could find re- 
corded, from our own or other laboratories, indicative of the 
quantity of vitamin C present as shown by animal assay. It is 
evident that the dye titration tends to give a lower value than the 
iodine titration, and that the former corresponds with the animal 
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assay records within the limits of accuracy of the latter. Each 
titration figure given is the average of several determinations. 

In view of the apparent occurrence of vitamin C in relatively 
large quantities in all green leaves, and its association in many 
cases with the carotenoid pigments, it is almost certain that it 
plays a rdle in photosynthesis, acting as one of the many oxida- 
tion-reduction factors correlated with the function of chlorophyll. 


TABLE II 
Comparison of Animal Assays with Iodine and Dye Titrations 


Vitamin C 
Material tested 
Iodine titration} Dye titration | Animal assay 
mg. per gm. mg. per gm. mg. per gm. 
0.71 0.60 0.5 -0.6 
0.27 0.23 0. 20-0. 30 
0.07 0.05 0 .05-0 .07 
0.53 0.40 0.4 -0.5 
0.08 0.05 0.04-0 .06 
Green beans, fresh............ cue 0.14 0.12 0.15-0.2 
|. 0.04 0.04 0.03-0.05 


In a preliminary study there did not appear to be a marked change 
in the amount of reduced vitamin present in leaves at different 
times of the day, however. The average quantities found (by 
dye titration) in different leaves were as follows! (mg. per gm.): 
maple 1.3, poplar 1.4, lilac 0.22, mullen 0.13, lawn grass 0.73. 


1 The authors are indebted to W. Bachrach and T. Gorsky for assistance 
with some of the titrations herein recorded. 
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A study of the distribution of vitamin C in the tissues of differ- 
ent types of animals has provided striking evidence of its close 
relation to the normal respiratory processes. In addition to (or 
what is perhaps a corollary) the relationship between respiratory 
activity and vitamin concentration, there is an evident close rela- 
tionship between the latter and the presence of complex lipids.’ 
The rapid depletion of vitamin content in the tissues of animals 
dependent upon a dietary supply is also well illustrated in Table 
IJI. The depletion is general for all tissues studied, but greatest 
in those having the highest normal concentration. Harris and 


TABLE III 
Vitamin C in Guinea Pig Tissues 


Sherman basal diet* Basal diet (vitamin 
and excess spinach C-free) only for 
for 10 days 15 days 
Average Average 
mig. per gm. mg. per gm, 


* Rolled oats and bran 59, milk powder 30, butter fat 10, salt 1 per 
cent, supplemented by cod liver oil. 


associates and Svirbely and Szent-Gyorgyi have reported a similar 
drop in the vitamin content of the liver. 

By comparing the data in Table IV with that in Tables IIT and 
V it will be noted that there is a fairly consistent relationship for 
the vitamin content in the corresponding tissues of different ani- 
mals and in human tissues. The adrenals are consistently high, 
with the brain, liver, ovaries, and testes in a second group with 
relatively high concentration. The heart and kidneys are in a 
third lower group, distinctly above the muscle tissue and blood. 

2 This relationship was first brought to our attention by Dr. M. L. Men- 


ten during histological studies carried out in collaboration with the above 
studies. A detailed account of this work will appear in another journal. 
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The quantity of vitamin in the latter is probably below the figures 
given, because the quantity present was very small for accurate 
titrations. According to Emmerie and associates (10), a large 
part of the vitamin C in blood is in the reversibly oxidized form, 
a finding which is of particular interest in relation to the relatively 
high oxygen tension in blood compared to other tissues and also 
indicative of the general circulation of free vitamin in all of the 
tissues in the body. It is of interest to note too that the vitamin 
content of the rat, rabbit, and chicken tissues, where the vitamin 
is not a direct dietary factor but under physiological control, is 


TABLE IV 
Vitamin C in Tissues of Animals in Which It is under Physiological 
Control 
Rats (3 each) Rabbits (2 each) Chickens ae (5) 
3 (3) 
75 days 1 yr. 60 days 1 yr. seaataiede imate) 
0.36 0.37 0.31 0.22 0.33 0.18 
0). 27 0.17 0. 20 0.13 0.28 0.19 
oe 2.31 1.35 1.53 1.46 
0.12 0.07 0.05 0.08 0.04 
0.06 0.04 0.04 0.04 
0.17 0.14 0.12 0.07 G.15 
0). 26 0.29 0.24 
0.40 
Corpus luteum...... 1.39 
Seimal cord.......... 0.12 
Follicular fluid. ..... 0.19 


higher than that found for guinea pigs receiving an apparently 
generous vitamin supply. In each of the types studied there was 
found a distinct tendency for the tissues of young, rapidly grow- 
ing animals to be higher in vitamin content than those of older 
animals on a similar diet, which is in harmony with the general 
relationship noted between. the vitamin and tissue respiration. 
The finding of as much vitamin C in the corpus luteum as in 
the adrenal cortex was of particular interest in corroborating the 
general physiological relationship of the vitamin to (a) a high 
respiratory rate, (b) complex lipids, and (c) rapidly growing tissue. 
It minimizes the probability of a direct specific relation to the 
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adrenal cortex, which has been considered frequently because of 
its high concentration there. Von Euler (11) has reported a simi- 
lar high concentration in the thymus gland. It appears probable 
that the vitamin function in the different tissues is similar, and 
fundamentally correlated with respiration and metabolic rate 
rather than with specific functions in any particular tissue. Its 
general quantitative relation to metabolic rate in both plants 
(where it accumulates rapidly within a few hours when seeds start 
to germinate) and animals strongly indicates such a basic rela- 
tionship. The titration value for the vitamin content of the 
corpus luteum was verified by curative test assay upon scorbutic 
guinea pigs, 1 gm. of pulped tissue per day serving to cure scurvy 


TABLE V 
Vitamin C Content of Human 7 issues* 


20 mos. 35 yrs. 60 yrs. 10 yrs. 
mg. pergm. | mg. per gm. | mg. pergm. | mg. per gm. 

Ovaries........ | 0.15 
| | 0.18 | 


and restore the growth rate to normal, after the animals had been 
on a vitamin C-free ration for 18 days (scurvy symptoms disap- 
peared and weight increased from 227 gm. to 320 gm. (average) 
in 14 days). 

Although the number of cases (Table V) for which we have been 
able to secure data is still very small, it is apparent that the 
vitamin C content of human tissues corresponds closely with that — 
found for experimental animals. Presumably there would be a 
rapid depletion of the normal vitamin content of the tissues in the 
human body in contrast with the relatively slow onset of scurvy, 
analogous to the findings for guinea pig tissues. In the latter 
case the time required for the onset of scurvy is much greater than 


* Nutrition normal. 
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that required for marked depletion of the normal vitamin reserve. 
The effect of maintaining animals or human beings in this sub- 
normal zone of vitamin supply has been very inadequately studied, 
but it would appear to be an important field of investigation, 
both in relation to glandular function and in relation to general 
physiological welfare. 


SUMMARY 


The use of 2 ,6-dichlorophenolindophenol has been found rela- 
tively satisfactory for the direct titration of vitamin C in animal 
and plant tissues, and offers many advantages in relation to time 
and degree of accuracy. Acetic acid (8 per cent) has been found 
preferable for an extracting and titrating medium with most plant 
tissues, while trichloroacetic acid (8 per cent) is preferable with 
most animal tissues. Cysteine, glucic acid,* and heated sugar 
solutions may interfere seriously, however, if present. Gluta- 
thione and a number of other substances may interfere un- 
less special precautions are taken. Reservation on interpretation 
should be conditioned by consideration of possible animal assays 
and interfering substances. 

The adrenals and corpus luteum contain nearly the same amount 
of vitamin C (approximately 1.4 to 2.3 mg. per gm.); the brain, 
liver, testes, ovaries, and other glandular tissues comprise a 
second group ranging considerably lower (approximately 0.1 to 
0.4 mg. per gm.); the more active muscular tissue such as the 
heart comprises an intermediate group (e.g. 0.05 to 0.15 mg. per 
gm.), while lean muscle contains only about 0.04 mg. per gm. 

There is a close relationship to the complex lipid content of 
animal tissues and also to the general rate of metabolism or res- 
piration in the individual tissues. 

In younger animals the vitamin C content of the tissues tends 
to be higher than found for older animals. 

In human tissues the distribution of vitamin C is similar to 
that in experimental animals. For those animals which require a 
direct dietary source of vitamin ©, the time required for marked 
general tissue depletion is apparently much shorter than the time 
required for symptoms of scurvy to appear, indicating an impor- 
tant zone for investigation. 


3 The earlier papers on glucic acid by E. kK, Nelson and Kk. M. Nelson 
have apparently been overlooked by von Euler and associates. 
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DIET AND THE BLOOD LIPIDS 


II. THE EFFECT OF OCCASIONAL OVERFEEDING ON THE 
POSTABSORPTIVE LEVEL 
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In studies on the blood lipids the point of reference chosen is 
usually the level of the various lipids in the postabsorptive state. 
Studies on the constancy of the lipid values of the blood of animals 
in the postabsorptive state over considerable periods of time have 
been made in a few cases. Glusker (1) found that for a single 
dog at 15, 17, 19, 21, and 23 hours post absorption, the plasma 
values for cholesterol and total fatty acid were practically constant 
over a period of 1 month of controlled conditions. Between 
different dogs there might be marked differences in the levels of 
these substances and the lowest values were found in young dogs. 
Terroine (2) made studies extending up to 11 months and found a 
good degree of constancy in plasma lipid values. Studies on the 
blood of rabbit by Iscovesco (3) and by Horiuchi (4) showed the 
same tendency toward constancy of values. 

Over brief periods McClure and Huntsinger (5) found the blood 
cholesterol in human blood constant in a 7 hour daily period in 
young adults, while McKachern and Gilmour (6) under the 
same conditions found large variations. Bruger and Somach (7) 
found, as did McClure and Huntsinger, a satisfactory constancy 
in blood cholesterol. For the 24 hour period under normal con- 
ditions of feeding, samples being taken every 2 hours, they found 
a standard deviation of +8 per cent for the whole period and 
+3.5 per cent for the morning hours. A fasting group of nine 
individuals examined hourly for 4 hours showed a standard devia- 
tion of +3.9 percent. Food had therefore very little effect. 

The results of the long continued feeding of a single diet (dog 
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biscuit) to two dogs, are given in Tables I and II and a summary 
of the data on three other dogs is given in Table III. ‘The only 
variations from the diet were occasional large overfeedings of 
protein, carbohydrate, or fat for experimental purposes during 
the last year, as noted below. Since these overfeedings generally 
produced transient rises in the postabsorptive values, the analyses 


TABLE I 
Blood Lipid Values on Dog 199 Extending over 2 Years 
The values are measured in mg. per cent. 


No. of 

Phospholipid Cholesterol Fat Total lipid 
Oct., 1930 11 144+ 7 69+ 7 130 356 + 6 
ii 1931 3 201+ 7 80+ 3 119 3744 2 
Nov., 1930 6 1513 4 72 + 10 120 + 16 3524 4 
- 1931 6 200 + 10 752 4 116 + 10 3624 4 
Dec., 1930 10 145+ 6 744 7 114+ 18 320 + 29 
Ws 1931 7 155 + 12 664 5 120 + 18 323 + 26 
Jan., 1932 10 152 + 13 644+ 6 77 + 22 277 + 21 
Feb., 1931 3 208 + 11 98+ 4 128 + 16 412+ 6 
” 1932 10 137 + 14 60 + 7 74 + 20 256 + 11 
Mar., 1931 6 197 + 4 103 + 8 97 + ll 378 + 16 
_ 1932 10 163 + ll 67+ 9 72+ 14 283 + 22 
Apr., 1931 4 174+ 5 109 + 4 118 + 35 397 + 33 
“cs 1932 3 174+ 8 782+ 5 70+ 5 302 + 12 
May, 1931 10 157 + 13 94+ 9 93 + 16 344 + 16 
si 1932 3 168 + 7 78 + 2 85 + ll 3044+ 3 
June, 1931 6 192 + 14 90 + 13 88 + 24 360 + 8 
” 1932 4 170 + 23 © 80 + 15 338 + 42 

208 109 412 
Grand average..... 169 + 22 80 + 14 337 + 41 
= 13% = 17% = 138% 

137 60 256 


included in Tables I to III were of samples some days removed 
from the overfeedings, when the lipid levels had returned to the 
values before the extra feeding. 

In all the dogs, although there are occasional wide swings in 
values, the standard deviations in lipid values over the whole 
period are relatively small (13 to 17 per cent in Dog 199, 6 to 7 
per cent in Dog 192, 9 to 16 per cent in Dog 210, and 9 to 11 per 
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cent in Dog 141, the deviations being about the same for all the 
lipids, although cholesterol is somewhat more variable). The 
error in determinations by the methods used is stated as +5 per 
cent of the total value and in the hands of the author is somewhat 
below that figure. A possible seasonal variation—a drop in 
November, December, and January followed by a rise in Feb- 


TABLE II 


Blood Lipid Values on Dog 141 Extending over 2 Years 
The values are measured in mg. per cent. 


No. of 

-~ Phospholipid Cholesterol Fat Total lipid 
Dec., 1930 3 198 + 7 115+ 8 118 + ll 422 + 25 
_ 1931 4 | 250+ 8 150 + 12 124 + 14 513 + 24 
Jan., 1932 8 | 222+ 9 118+ 9 114 + 18 438 + 10 
Feb., 1931 o 243 + 19 125 + 24 132 + 19 480 + 22 
1932 5 | 210 + 14 134 + 19 77+ 11 389 + 15 
Mar., 1931 6 | 227 + 21 146 + 10 122 + 18 491 + 22 
e 1932 6 | 2338 + 15 110 + 16 97 + 11 422 + 20 

Apr., 1931 2 | 206 154 127 495 
4 1932 3 252 + 18 124 + 14 107 + 13 464 + 38 
May, 1931 | 12 | 200+ 32 | 144+16 | 108+ 24 | 451 + 23 
gs 1932 4 | 243 + 19 1246+ 4 92 + 10 457 + 15 
June, 1931 8 | 232 + 24 127+ 4 107 + 10 457 + 22 

8 1932 2 | 231 132 92 445 
Sept., 1931 3 |2072 7 127 + 12 146 + 14 487 + 17 
Oct., 1931 3 | 281 + 15 1554 5 149 + 27 572 + 23 
Nov., 1931 6 |300+413 11454 7 | 140+ 9 | 563 + 23 

Grand average.........| 234 + 27 133 + 14 472 + 40 
= 11% = 11% = 9% 

155 572 


ruary, March, and April—may be noted in the dogs in Table I, 
for which the lessened activity during the short days may be 
responsible. The fact noted by other investigators is also em- 
phasized, that lipid levels in different animals may be quite 
different although the same diet and the same conditions are 
employed. These results indicate that under the conditions 
employed—a single diet, with environmental conditions fairly 
constant—the blood lipid level in the postabsorptive state is a 
satisfactory point of reference. 
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On the other hand, differences in diet may produce differences 
in the postabsorptive lipid level. Ling (8) in his study of the 
effect of diet on blood lipids in dogs over a period of 6 months 
found that the blood lipid decreased on a fat-free diet and dropped 
still further on fasting. On the fat-free diet the decrease was 
due largely to lipids other than phospholipid and cholesterol. 
Feeding of fat (olive oil) produced an increase in all the lipids 
except free cholesterol. In agreement with Ling’s findings it was 
shown in Paper I of this series (9) that the proportion of fat in the 
diet, especially in animals not racially accustomed to it (rabbits), 


TABLE III 
Blood Lipids in Dogs 192, 209, and 210 


The values are measured in mg. per cent. 


Phospholipid Cholesterol Total lipid 
192 | 5mos.| 28 eee 103 379 
Average....; 209 + 12 116 + 11 426 + 28 
= 6% = 6% = 7% 
222 136 465 
209 | 2 yrs 70 Low.. 126 59 265 
Average 145 + 13 72 + 11 326 + 33 
= 9% = 16% = 10% 
163 98 368 
ae ta 132 Low.. 135 69 303 
Average 169 + 14 854 8 351 + 21 
= 8.3% = 9% = 6% 
High....... 215 111 414 


has a definite effect on the postabsorptive lipid level, which is 
much higher on a diet with much fat in it than when there is 
little fat eaten. In animals racially accustomed to fat (dogs) the 
proportion of fat in the diet has relatively much less effect. 


EXPERIMENTAL 


The present report has to do with a study of the effect on the 
postabsorptive blood lipid levels in dogs of oceasional large extra 
feedings of different foodstuffs. 

The dogs were the same as were used in Paper I of this series 
with one additional. Three of them, Dogs 29-199, 29-209, and 
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29-210, had been used by Boyd (10) and by Glusker (1) with the 
same diet; so that these dogs have been under observation on a 
single diet for about 3 years. 

The methods for the plasma lipids were the same as those used 
in Paper I of this series (9). In the following experiments the 
basal diet consisted as before of dog biscuit, and the occasional 
extra feedings consisted of (a) carbohydrate in the form of cane- 
sugar; (6) protein, either dried extracted plasma proteins, casein, 
or raw liver; and (c) fat as lard, to the extent of one-half to three- 
fourths of the calorie value of the ordinary diet. The level of 
food intake was such as to keep the animals at nearly constant 
weight, allowing them to gain slightly rather than to lose weight. 
The animals, some of which have been on the basal diet for 3 
years, continued normal in appearance and behavior. They were 
fed once a day, at 4.00 p.m., and the food, whether their ordinary 
ration or the ration plus the additional food, was almost invariably 
‘eaten up clean. However if any was not eaten, it was removed 
so that the feeding period was sharply marked. Blood samples 
were taken about 7.45 each morning with as little disturbance as 
possible. Experiments in which the dogs were deliberately ex- 
cited sometimes showed definite increases in the blood lipids, 
so that this possible disturbing factor was avoided in the regular 
routine. 


Results 


Illustrative results are contained in Table IV. Underfeeding 
to the extent of cutting the regular ration in half for a single day 
had no effect on the lipid levels. Overfeeding with protein had 
no definite effect on the blood lipids. Results on these experi- 
ments are therefore not given. 

Of twenty-nine experiments on five dogs, single overfeedings 
with fat or carbohydrate increased the plasma phospholipid values 
in twenty-six with an average increase of 28 per cent; cholesterol 
was unchanged in twenty-five of the experiments; neutral fat was 
increased in fourteen with an average of 23 per cent, decreased in 
eight with an average decrease of 27 per cent, and was unchanged 
in seven. The high level sometimes persisted for 2 or 3 days, 
eventually coming back to the normal level. Blood sugar changes 
were irregular and showed no apparent relation to the changes in 
blood lipids. 
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SUMMARY 


Under fairly constant conditions of diet and environment, the 
level of the plasma lipids in the postabsorptive state in dogs is 
found to be satisfactorily constant over periods up to 2 years. 

In dogs, single overfeedings with fat or carbohydrate to the 
extent of half the ordinary calorie intake generally result in high 
plasma phospholipid values and often high fat values in the post- 
:ubsorptive state, while the cholesterol level is not affected. The 
high values are temporary, lasting generally not more than 2 or 3 
days. Similar overfeedings with protein and single underfeedings 
have no effect. 
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In 1915, Behrens and Kley (1) described a very sensitive and 
characteristic chemical test for the detection of lead. It is 
better known as the triple nitrite reaction and depends upon the 
formation of crystals of the hexanitrite of potassium, copper, and 
lead, KeoCuPb(NOs:)>s. These crystals are readily identified be- 
cause of their color and regularity of structure. They appear as 
tiny squares, rectangular plates, tiny cubes, or rectangular prisms. 
The color ranges from a dark red to black depending upon the 
thickness of the crystals. The only elements which interfere with 
the specificity of the test are nickel and cobalt. Separation of 
lead from these elements is, however, effected by preliminary 
treatment of the solution of ash with hydrogen sulfide. 

The sensitivity of the test may be increased by replacing the 
potassium with rubidium which forms crystals of lower solubility; 
with cesium, the crystals of which are still less soluble; or with 
thallium which forms still less soluble crystals. The size of the 
crystals, however, tends to decrease with the decrease of solubility. 
With thallium, the crystals may be so small as to be overlooked. 

According to Behrens and Kley, as little as 0.03 micrograms of 
lead may be detected by the triple nitrite reaction. However, as 
Fairhall (2) points out, it is out of the question to expect to sepa- 
rate chemically any such small amount of lead from organic mat- 
ter, because of the necessary preliminary treatment (ashing, 
precipitation of the lead as a sulfide, ete.). Proof of this is found 


*This work was done with the aid of a grant from Mr. Julian C. Smith of 
Montreal, a Governor of the Montreal General Hospital. 
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in the fact that as much as 0.003 mg. in 15 ee. of water fails to 
show the slightest change with hydrogen sulfide. As little as 
0.001 mg. of lead may, however, be detected when a number of 
precautions are taken; but as will presently be shown, the greatest 
difficulty with cerebrospinal fluid is not failure to find lead when 
present, but the finding of it when not present in the original 
material, due to the many sources of contamination. 


Preparation and Storage of Reagents 


The majority of reagents, ordinarily used in the triple nitrite 
test, either contain lead or readily take it up, due to their solvent 
action on glass. c.p. ammonium sulfate, for example, may con- 
tain considerable quantities of lead and, in our experience at least, 
it has been impossible to obtain lead-free potassium nitrite. The 
other reagents (nitric acid, acetic acid acetates, sodium hydroxide, 
ete.), in addition to containing lead, readily acquire it during 
storage in ordinary glassware. Therefore, in this investigation, 
although c.p. materials only were purchased, all reagents were 
either repurified or prepared by some special process. ! 

Water—All water used in this study was triple distilled and 
prepared in an all Pyrex glass still with ground glass connections 
only and all parts (condensing worm, flasks, etc.) were repeatedly 
cleaned with hot, dilute, lead-free nitric acid and rinsed with water. 
To avoid contamination from dust, a Pyrex glass hood was fused 
to the receiving end of the still so as completely to cover the receiv- 
ing flask. 

Nitric Acid—Special attention was paid to this acid because it 
is an ideal lead solvent. ‘The acid was redistilled three times, in 
each case the first and third portions being rejected. Distillation 
was carried out in a silica still. The reservoir was made of opaque 
fused quartz and the receiving flask consisted of transparent fused 
quartz. All connections were of silica and to protect the distillate 
from dust an opaque silica hood was joined to the receiving tube. 
When prepared, the nitric acid was stored in a Pyrex glass flask 
with a Pyrex stopper. The latter was protected from dust. by a 
glass cover. 

1[n most instances, for the preparation of pure materials, the procedure 


outlined by Archibald (3) were followed. The writers are also indebted to 
Professor Archibald for many helpful suggestions otherwise. 
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Acetic Acid—Glacial acetic acid was redistilled in the silica still 
three times with potassium permanganate and each time the 
middle fraction only of the distillate was collected. 

Hydrochloric Acid—Lead-free hydrochloric acid was also pre- 
pared in the silica still, by redistillation of the c.p. product three 
times. A few crystals of potassium permanganate were added to 
each liter of acid prior to distillation. In each case, the middle 
fraction only of the distillate was used. 

Sodium Acetate—Sodium acetate was prepared by neutralizing 
lead-free acetic acid with sodium hydroxide. The resulting 
neutral solution was evaporated to dryness and the residue re- 
crystallized. The sodium hydroxide was prepared from recrystal- 
lized sodium sulfate and barium hydroxide. The sodium acetate 
so prepared was repeatedly subjected to spectrographic examina- 
tion and found to be lead-free. 

Copper Acetate—Lead-free copper acetate was prepared by re- 
crystallization of the c.p. product ten times from a solution slightly 
acidified with acetic acid.” 

Potassium Nitrite—This compound is ordinarily prepared in 
commerce by heating potassium nitrate with lead at a high tem- 
perature and, as stated, it was found impossible to purchase a 
lead-free product. Manganous oxide and chromium sesquioxide 
convert potassium nitrate into potassium nitrite in the presence 
of potassium hydroxide. Attempts to prepare potassium nitrite 
by this method were, however, unsuccessful. Lead-free potassium 
nitrite was, therefore, prepared as suggested by Fairhall (2). 

Ammonium Sulfate—The c.r. product may contain appreciable 
quantities of lead. Fairhall (2) suggested removal of the lead by 
treatment with hydrogen sulfide. A more reliable procedure, how- 
ever, appeared to be the preparation of this reagent from sulfuric 
acid and ammonia.’ Sulfuric acid (c.p.) is probably one of the 
purest products on the market. It may, however, contain lead 
sulfate. The c.p. product, therefore, and the ammonia were 
redistilled twice before use, in each case the first and third portions 
being rejected. The ammonium sulfate so prepared was then 
recrystallized once before use. 

Methyl Orange— This indicator was obtained from the Eastman 


2 Suggested by Professor Archibald. Personal communication. 


710 Cerebrospinal Fluid. I 


Kodak Company and was supposed to be free of lead. Amounts 
many times more than that used in each test were, however, 
ashed and analyzed. Lead was not found. 

Hydrogen Sulfide—The hydrogen sulfide was generated in an 
ordinary Kipp apparatus with iron sulfide and_ sulfuric acid. 
The gas, after passing through a tower containing absorbent cotton 
to collect any dust, was passed through a wash bottle containing 
water slightly acidified with nitric acid and finally through another 
wash bottle containing triple distilled water only. The connection 
between the last wash bottle and the outlet tube was ground glass 
(C, Fig. 1). Fume cupboards, regardless of how clean they may be 
kept, are full of dust. To avoid this source of contamination, a 
glass hood (A) was fused to the outlet tube to which the solution 
under examination was exposed. Outlet tube and hood were 
made of Pyrex glass. 

Preparation of Spinal Puncture Needles—The alloys of spinal 
puncture needles contain lead and are a possible source of contami- 
nation. This applies particularly to the solder at the junction of 
the shaft and hub of the needle and its stilette. Another and more 
important source of lead is abrasion of surfaces by friction with the 
stilette during use of the needle. To overcome this difficulty, 
the needle and stilette were first plated with copper and then 
repeatedly plated with gold. 

Sterilization of Spinal Puncture Needles—Lead is not readily 
soluble in water at room temperature, but it is appreciably so in 
boiling water. The use of sterilizing equipment made from lead 
compounds, such as enamel dishes, or equipment containing lead 
alloys, water baths, steam baths, ete. must, therefore, be avoided. 
In the procedure finally adopted, needles were sterilized in specially 
prepared water (see ‘‘Preparation of reagents’’) in a Pyrex tube 
which was first cleaned with hot dilute lead-free nitric acid and 
then rinsed twenty times with triple distilled water. During 
sterilization, the tube was covered with a similarly cleaned Pyrex 
glass beaker to avoid contamination with dust. 

Collection of Cerebrospinal Fluid—During spinal punctures, 
possible contamination was avoided by protecting the flowing 
fluid with a specially prepared Pyrex glass funnel also previously 
cleaned, as described, with nitric acid and water. As soon as a 
sample was obtained, the Pyrex glass tube in which the fluid was. 
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collected was covered with another clean tube and taken to the 
laboratory where it was immediately sealed with a flame. No 
cork or other type of stopper was used. 

Storage of Fluid—Lead is much more soluble in human body 
fluids than in water and, as is well known, ordinary glass may 
contain considerable quantities of lead. This was found to be a 
common source of contamination, regardless of the method of 


Fig. 1 2 
Fic. 1. Washing apparatus for hydrogen sulfide 
Fig. 2. Apparatus for evaporation of spinal fluid 


cleaning the glassware. This source of error was eliminated by 
the use of Pyrex glass text-tubes, previously cleaned with hot dilute 
lead-free nitric acid and water. 

Transfer of Spinal Fluid—When the fluid was to be examined, 
the outside surface of the container (test-tube) was again cleaned 
with hot dilute lead-free nitric acid and water before the seal was 
broken. In order to avoid addition of small pieces of glass to the 
fluid, the tubes were opened with an oxygen gas flame instead of 
by mechanical means. Specially prepared Pyrex pipettes, previ- 
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ously cleaned with hot dilute lead-free nitric acid and water were 
invariably used to transfer the fluids from the Pyrex test-tubes to 
the evaporating dishes. 

Cleaning the Silica Ware-—Siliea dishes used for ashing may be 
contaminated with lead. Each time, therefore, before use, they 
were treated with fused potassium bisulfate. When the bisulfate 
crystals had melted, the dish was so rotated, with platinum-tipped 
tongs, as to insure thorough cleaning. When the melt was about 
crystallized, the dish was plunged into cold water. It was then 


Fic. 3. Apparatus for ashing of evaporated spinal fluid 


boiled, several changes of water being made, and finally rinsed 
fifteen to twenty times with triple distilled water. 

Evaporation of Spinal Fluid—Many attempts were made_ to 
avoid contamination from dust during evaporation. The amount 
of dust which can gather from open doors, windows, draughts, ete. 
is readily appreciated by noting the rate of accumulation of dust 
on a highly polished glass surface. This source of contamination 
was eliminated by the use of the apparatus shown in Fig. 2. This 
apparatus was evolved from another first described by one of the 
writers (4) and shown in Fig. 3. It consists of a pure silica plate 
(A) supported on an iron tripod (B). On the silica plate is placed 
a platinum tripod (C) to support the transparent quartz evaporat- 
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ing dish (D) containing the fluid. The dish is then protected from 
dust by a Pyrex glass hood (/) with a ground glass edge to fit the 
ground surface of the silica plate. During evaporation the water 
vapor from the evaporating spinal fluid passes through a Pyrex 
glass spiral (F’) enclosed in a Pyrex hot water jacket (@) and is 
removed by suction (//, J, J). Since the bottom of the hood is 
ground glass and rests upon the plane ground surface of the silica 
plate the greater amount of air enters through a Pyrex glass tube 
(A) which passes through the hot water jacket to the hood. To 
enter, the air passes through a cup containing absorbent cotton 
(L) to remove any dust. The cup is kept loosely covered with a 
glass tube (M). To exclude the possibility that the hot metal 
of a Bunsen burner might give off lead fumes, a porcelain burner 
was used (NV). To facilitate cleaning, the suction apparatus, 
steam jacket, and hood are connected with ground glass joints 
(O, P). It will, therefore, be observed that during the evaporation, 
the cerebrospinal fluid is exposed to Pyrex, silica, and platinum only. 

The flame of the burner was so adjusted that evaporation would 
take place at a temperature well below the boiling point to reduce 
to a minimum the possibility of lead being lost through any or all 
of the following causes: sputtering during boiling, sputtering at 
the last stages of evaporation, and lead being lost by being carried 
off in the steam while boiling. The average temperature in the 
hood was about 60°, thus requiring approximately 1 hour to 
evaporate 6 cc. of fluid. 

_ Ashing of Evaporated Spinal Fluid—There are a number of possi- 

ble sources of error during this stage of the procedure. Too low 
a temperature will give rise to incomplete ashing and too high a 
temperature to loss of lead by volatilization. We have found that 
open air ashing with a flame may readily lead to contamination 
with dust. Ashing in a muffle furnace is almost certain to cause 
contamination, especially with hospital furnaces in which lead- 
containing materials (feces, etc.) have been ashed innumerable 
times. Errors during ashing were entirely eliminated by use of 
the apparatus shown in Fig. 3. 

The apparatus consists of an electric heater, the base and cover 
plate (A) of which are made of fire brick. The coil of resistance 
wire consists of chromel A wire and the terminals are made of 
monel metal. On the cover plate is placed a pure silica plate (B) 
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with a circular opening so cut that the evaporating dish (C) fits in 
fairly tightly. ‘The dish is then covered with a Pyrex hood (D). 
A Pyrex glass funnel (/2) is jointed in the center of the hood and 
is so arranged that the oxygen which enters the hood is well dis- 
tributed over the contents of the dish before it escapes. The flow 
of oxygen is regulated by means of a Hoke-Phoenix gas pressure 
regulator (/’). To avoid contamination due to dust in the oxygen 
tank the gas is passed through a tower (@) containing absorbent 
cotton. It is then passed through a wash bottle (//) containing 
triple distilled water, and, finally, through a tower (/), containing 
absorbent cotton, before it passes into the hood. ‘The rate of How 
of oxygen may be further adjusted by a clamp (./) attached to the 
rubber tubing. The connection between the hood and the funnel 
is ground glass. Since the ground glass bottom of the hood fits 
the ground surface of the silica plate closely, an outlet () for the 
oxygen is arranged at the upper portion of thefunnel. To prevent 
contamination with dust the outlet is loosely covered with a glass 
tube (M). 

With the above arrangement, because of the oxygen atmosphere, 
when 2 or 3 drops of triple distilled, lead-free, nitric acid are added 
to the residue obtained after evaporation of 6 cc. of spinal fluid, 
ashing may be completed within a few hours at a temperature well 
below the volatilization point of any known lead compound. The 
temperature of the basin is such that no color change is ever visible. 
The temperature of the heater was controlled with a rheostat. 
Since silica is a poor conductor of heat, the marked temperature 
gradient between the inside and outside of the dish affords further 
protection against loss of lead by volatilization. 

Isolation of Lead—The chemical procedures for the isolation of 
lead from biological material (ashing, solution of the ash, precipi- 
tation of the lead as a sulfide by entrainment with copper sulfide, 
coagulation of the colloidal lead sulfide with ammonium sulfate, 
separation of the sulfide from impurities, and its final solution in 
nitric acid) were essentially the same as outlined by Fairhall (2) 
except for certain precautions to be dealt with presently. The 
procedure in detail was as follows: The ash was completely 
dissolved in 5 ec. of 10 per cent hydrochloric acid. If there was 
any suggestion in the transparency of the quartz dish of incom- 
plete solution (due possibly to relative insolubility of lead silicate) 
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the solution was slightly warmed. After being cooled to room 
temperature, the solution was neutralized with 25 per cent sodium 
hydroxide and reacidified with hydrochloric acid until very facntly 
acid to methyl orange. The solution was then transferred to a 15 
ec, Pyrex glass centrifuge tube. The dish was rinsed repeatedly 
with triple distilled water and the rinsings were added to the centri- 
fuge tube until the total volume was 10 ce. ‘To the solution was 
then added 1 ee. of saturated solution of ammonium sulfate and 
5 ¢.mm. of 2 per cent copper acetate solution—-the former to aid 
coagulation of any colloidal sulfide which might form and the 
latter to insure complete precipitation of the lead, if present, by 
entrainment. The centrifuge tube was then placed in a beaker of 
ice and the solution was saturated with hydrogen sulfide purified 
as deseribed above (see ‘‘Preparation of reagents’). The tube was 
then placed in a glass beaker protected from dust and left in the 
refrigerator at 10° overnight. 

With the above procedure, the sulfide separates out completely, 
leaving a clear supernatant fluid. ‘The sulfide precipitate was then 
centrifuged and washed by decantation five times, the water being 
drained completely after each washing. The thoroughness with 
which the soluble inorganic salts are removed by washing is one 
of the most important parts of the test, as these salts interfere 
markedly with the sensitivity of the triple nitrite reaction. To the 
completely washed and drained precipitate were then added 2 
drops of concentrated lead-free nitric acid. The test-tube was 
then placed in a beaker of boiling water to complete solution of 
the sulfide. The solution so prepared is now ready for the final 
stage of the test. 

The triple nitrite reaction is carried out on a microscope slide. 
As ordinary glass slides may contain appreciable quantities of 
lead and as the first step in the test is evaporation of the nitric 
acid solution with the aid of heat, there is obviously another source 
of contamination with lead. All reactions were, therefore, carried 
out on a pure silica slide. 

As Fairhall pointed out, in order to insure constant results with 
this test, definite quantities of reagents must be used. Pyrex 
glass capillary tubes were, therefore, drawn out so that 5 e.mm. 
of fluid could be measured with a reasonable degree of accuracy. 
With the aid of such a pipette, approximately one-half of the total 
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acid solution was evaporated on the silica slide by the addition of 
very small amounts at a time so that the total area occupied by 
the residue was no more than about 3 mm. in diameter. To the 
residue were then added 5 c.mm. of a 4 per cent solution of sodium 
acetate. The latter was well mixed with the residue with the aid 
of a Pyrex glass rod until the residue had completely dissolved. 
The solution was then gently evaporated to dryness. (When 
properly prepared, the residue occupies an area about 4 mm. in 
diameter with the material largely concentrated about the rim.) 
The slide was then placed on a block of ice covered with a cloth 
and chilled for at least 5 minutes. After chilling, 5 e.mm. of 10 
per cent acetic acid were added to the residue and to the acid was 
added a small crystal of lead-free potassium nitrite. The nitrite 
and acid were placed in the center of the residue and allowed to 
diffuse slowly to the outer edge. As Fairhall pointed out, slow 
diffusion permits the hexanitrite crystals to form at various places 
under optimum conditions of concentration. The addition of 
more acetic acid interferes with the sensitivity of the reaction, 
since the crystals tend to go into solution. If, at the end of 5 
minutes, no hexanitrite crystals were observed, the solution was 
replaced upon the ice for an additional 5 minutes. It was found 
that, with extremely minute amounts of lead, prolonged chilling 
increased the sensitivity of the reaction. If the result was still 
negative, the test was repeated with the remainder of the nitric 
acid solution. 

In his description of the test, Fairhall described an additional 
procedure when there is the possibility of contamination of the 
material with bismuth. This difficulty was not met with in this 
investigation. 

With the above method, it was found that as little as 0.0001 mg. 
of lead could readily be detected in cerebrospinal fluid. The in- 
crease of sensitivity noted with this procedure is attributed largely 
to the method of ashing which prevents loss of material, to the 
prolonged cooling of the reacting mixture during the triple nitrite 
reaction, and to the use of half of the nitric acid solution in each 
test. This sensitivity was checked repeatedly. Spinal fluid found 
to be free of lead, according to the spectrographic technique, was 
used as a control. When as little as 0.0001 mg. of lead were 
added to 6 cc. of spinal fluid, the lead was readily detected. 
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Spectrographic Procedure—To check the chemical procedure, 
another method at least equally sensitive as the triple nitrite 
reaction was sought as a control. Of those available the spectro- 
graphic method appeared to be ideal. As will presently be shown, 
it is more sensitive than the chemical method for the detection of 
lead and, in addition, has several inherent advantages. Firstly, 
as no reagents are employed, this source of contamination is 
eliminated. Secondly, the method in the hands of a competent 
experimenter is specific. Thirdly, the record is a photograph. It 
may, therefore, be consulted at any time for revision of findings 
and, fourthly, the spectrogram records all the elements present in 
the material within the limits of the sensitivity of the method. 
A good example of this is shown by the fact that gold and platinum 
were repeatedly found although, presumably, the only source of 
the gold was abrasion of spinal puncture needles and the only 
source of platinum was the spatula and hook used to separate the 
evaporated spinal fluid from the silica basin. 

A Hilger E-1, all quartz, spectrograph was employed in the 
present work. Two spectrograms are necessary to cover the range 
of 2400 A. units to 8000 A. units. The plates used were Eastman 
Kodak No. 33. 

The choice of the technique to be employed was limited by our 
ability to obtain electrodes free from lead. The highest purity 
silver obtainable was found to contain lead in small quantities 
when subjected to a very searching examination. Graphite is 
easily obtained free from lead. Graphite, however, presents 
several disadvantages when one is searching for minute quantities 
of lead. A search of the literature suggested that the line 4057.8 
A. units was the most persistent line; 7.e., it is the only line found 
to be present in the spectrogram when the limit of the sensitivity 
is almost reached. However, if graphite electrodes are employed, 
unless large quantities of ash are used and the time of exposure is 
short, the spectrogram is rich in “cyanogen bands,’”’ making the 
identification of this line an impossibility. The elimination of 
the cyanogen bands by such a technique causes loss of sensitivity. 

Preliminary experiments showed that the line 2833 A. units was 
quite sensitive (more than the chemical procedure) and free from 
the objectionable band structure. This line was, therefore, used 
throughout the present work. The use of this line has also the 
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very great advantage in that dried spinal fluid may be used 
without preliminary ashing, as the cyanogen bands from the organic 
matter do not interfere. 

In our early experiments, it was found that the amount of lead 
present in certain types of spinal fluids was of a very low order of 
magnitude and that all the material that was available had to be 
used. 6 ec. of fluid were used in all of our later experiments. As 
in the chemical procedure, the apparatus shown in Fig. 2 was used 
for evaporating the spinal fluid to dryness. 

A device made from stout platinum wire bent in the form of a 
button-hook was used to loosen the residue from the silica basin. 
The residue was then removed with a platinum spatula made by 
hammering out a small piece of platinum wire. Before use, the 
platinum ware was fused with potassium bisulfate, plunged while 
hot into water, well washed with distilled water, and, finally, 
flamed to prove its freedom from impurities. 

# inch Acheson spectroscopic graphite was used for electrodes. 
The graphite was placed in the electrode holders connected through 
a resistance to a source of electricity 220 volts p.c. and the are 
operated at 10 amperes. A preliminary spectrogram was made 
of the graphite to determine the impurities present in it, a 10 
minute exposure being given. 

The material was then placed on the lower, negative, electrode 
by means of a platinum spatula, a momentary exposure given, and 
the process continued until all of the material had been transferred 
from the basin to the electrode, when a 10 minute exposure was 
given. During the exposures, the lower electrode was rotated and 
the image of the are focussed on the slit of the spectrograph by 
means of a spherocylindrical quartz lens. At the end of the ex- 
posure a third spectrogram was made, a trace of lead sulfate hav- 
ing been added to the lower pole, the exposure being about 5 sec- 
onds. In order that the spectrograms should be in juxtaposition, a 
Hartmann diaphragm was employed. The plate was then devel- 
oped, fixed, washed, dried, and examined. 

A typical spectrogram is reproduced in Fig. 4 (obtained from a 
case of lead poisoning). The two heavy lines in the uppermost 
spectrogram are the carbon lines 2836.7 A. units and 2837.6 A, 
units. The middle speetrogram is that of the graphite plus the 
specimen being examined and the lower is that of the graphite, 
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plus the specimen, plus added lead. If lead is present in the 
specimen a line will be found above and continuous with the lead 
line in the lower spectrogram. Fig. 5 is a speetrogram of a cerebro- 
spinal fluid free of lead. 

It frequently occurs that it is impossible to say whether or not a 
line is present owing to the extreme faintness of the line against a 
continuous background, 

It will be observed that the two carbon lines 2836 A. and 2837 A. 
are present in all of the graphite spectrograms, but appear irregu- 
larly in the spinal fluid spectrograms, and are absent in the control 
lead spectrograms. A detailed explanation of this would deal with 


Pb 


TP. 


ig. 4 5 rig. 6 

Fig. 4. Upper band, spectrum of graphite; middle band, spectrum of 
cerebrospinal fluid from a case of lead poisoning; lower band, spectrum of 
graphite plus added lead. Lead line, 2833.1 A. The two heavy lines in 
the uppermost spectrogram are the carbon lines 2836.7 A. and 2837.6 A. 
The reason they do not appear in the other spectrograms is given in detail 
in the paper. 

Fig. 5. Upper band, spectrum of graphite; middle band, spectrum of 
cerebrospinal fluid, negative for lead; lower band, spectrum of graphite 
plus added lead. Lead line, 2833.1 A. 

Kia. 6. Upper band, spectrum of graphite; middle band, spectrum of 
10-° mg. lead; lower band, spectrum of graphite plus added lead. As little 
as 10-5 mg. of lead can be detected at 2833.1 A. The spectrum of platinum 
due to contamination of the specimen with the platinum spatula is shown. 


a phase of spectroscopy that is somewhat outside of the scope of 
the present paper; but, briefly, it may be said that spectral lines 
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are due to energy emitted by excited atoms. The excitation con- 
ditions govern, to a large extent, the characteristics of the emitted 
spectrum. Changing the excitation conditions may result in the 
enhancement or the suppression of certain lines. The intro- 
duction, from the spinal fluid residues, of relatively large amounts 
of salts into the are leads to the suppression of the carbon lines 
in question. If the arcing of the spinal fluid residues had been 
continued until all of the salts had been volatilized and the graphite 
alone had maintained the are, the two carbon lines would then 
have reappeared. 


Po Pl. 
t tT. 


Fic. 7 Fig. 8 


Fic. 7. Upper band, spectrum of graphite; middle band, spectrum of 10~° 
mg. of lead; lower band, spectrum of graphite plus added lead. 107° mg. 
of lead cannot be detected at 2833.1 A. 

Fic. 8. Upper band, spectrum of graphite; middle band, spectrum of 
graphite plus Pyrex glass; lower band, spectrum of graphite plus added 
lead. Presence of lead line at 2833.1 A. is shown. 


Sensitivity of Spectrographic Method -To determine the minimum 
amount of lead it is possible to detect, with the technique described, 
known amounts of lead nitrate were added to sodium acetate 
solutions. A series was thus made up containing 10°°, 10-4, 
10-°, 10-*, 10-7, mg. of lead. In seven such test solutions, 
each containing 10~° mg. of lead, lead was found in each case. 
In no case was lead not found when the test solution contained 
10-° mg. of lead. Lead was not found in any solution containing 
10°-* mg. of lead nor in solutions of higher dilution. The sensi- 


t 
5 
“ 
li 
‘ 
‘ 
| 


Rabinowitch, Dingwall, and Mackay 721 


tivity of the method, therefore, lies between 10~° and 10-6 mg. of 
lead. It is possible with further refinements in the technique to 
increase the sensitivity. Fig. 6 is a spectrogram with 10~° mg. 
of lead and Fig. 7 shows that no lead was detected when the 
amount was 10~° mg. 

Since 6 cc. quantities of cerebrospinal fluid were used in this 
study, and since the spectrograph can readily detect as little as 
0.01 mzcrogram of lead, failure to find lead in a given sample implies 
that if lead is present its concentration is probably less than 1 in 
1000 million parts of flurd. 


DISCUSSION 


In the description of the preparation of reagents, mention is 
made of various possible sources that might contribute lead to the 
material during examination. The use of Pyrex glassware was 
stressed, yet Pyrex itself may contain lead as the spectrogram 
clearly shows (Fig. 8). The amount, however, is quite small and 
before it would become a serious source of error preferential solu- 
tion of the lead would have to take place. That Pyrex glass is 
soluble in water is well known, but it is doubtful whether it is 
generally recognized that body fluids can dissolve Pyrex fairly 
easily and thus contribute relatively large quantities of such ele- 
ments as boron, silicon, aluminum, etc., when very minute quanti- 
ties of these elements are being sought for. Although solution of. 
Pyrex was clearly demonstrated in the spectrograms of spinal fluid 
stored in Pyrex test-tubes, there was nothing to suggest preferen- 
tial solution of the lead as many specimens were found that did 
not contain lead. This was further confirmed by the fact that 
four samples of spinal fluid kept in Pyrex test-tubes for 71, 80, 82, 
and 86 days respectively gave no reaction for lead when tested 
with the triple nitrite test and lead was not found with the spectro- 
graphic method. The substitution of Pyrex glass for ordinary 
glass in reagent bottles, ete., but particularly in the centrifuge 
tubes because of their exposure to hot nitrie acid during a test, 
eliminated a commen source of contamination. 

In the ashing process, owing to the very low temperature at 
which this was carried out, Pyrex beakers could probably have 
been used, but quartz was employed. As there is the possibility 
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of formation of lead silicate, transparent quartz was used. Failure 
to dissolve any silicate was thus readily observed. 

In the preliminary tests during treatment of the sample with 
hydrogen sulfide the specimens frequently became contaminated 
with lead. The gas was allowed to pass directly from the generator 
into the specimen and connected directly to the Kipp apparatus by 
rubber tubing. When the latter was replaced by glass, ground 
joints being used, and the gas was passed through a series of wash 
bottles as described, this source of contamination was eliminated. 
Whether it was due to dust from the iron sulfide or to repeated 
manipulation of the rubber connection of the outlet tube is not 
known. During centrifuging of the lead sulfide, the centrifuge 
tubes were covered, thus avoiding contamination with dust. 


SUMMARY 


In spite of the many difficulties in isolating minute quantities of 
lead from cerebrospinal fluid, the chief difficulty is not in failure 
to find lead when present but the finding of it when it was 
not. present in the original material due to many sources of 
contamination. 

In order to test the reliability of the chemical (triple nitrite) 
procedure, spectrographic analysis was used as a control. 

The Behrens-Kley triple nitrite reaction was found to be very 
satisfactory for the detection of minute quantities of lead in 
cerebrospinal fluid, provided the reagents are properly purified, 
all glassware for storage of materials is Pyrex, centrifuge tubes 
and pipettes are made of Pyrex, the final reaction is carried out on 
a silica slide, and the precautions enumerated to prevent contami- 
nation from dust during evaporation and ashing of the specimens 
are strictly adhered to. 

The sensitivity of the chemical procedure is about 1074 mg. 

The sensitivity of the spectrographic procedure as described is 
about 1 part in 1000 million parts with 6 ce. of cerebrospinal fluid. 

If, therefore, no lead is found by the spectrographic method, but 
is found by the chemical method, it may be assumed that the lead 
so found is due to contamination. 


In the above investigation, all chemical work was done by one 
of the writers (R.), the spectrographic analyses were made by 
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another (D.), and the clinical work (selection of cases, diagnosis, 
spinal punctures, ete.) was done by another (M.). With few 
exceptions, all of the material was obtained from the medieal wards 
of the Montreal General Hospital. 
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STUDIES ON CEREBROSPINAL FLUID 


II. THE OCCURRENCE OF LEAD IN CEREBROSPINAL FLUID* 
By I. M. RABINOWITCH, ANDREW DINGWALL, ann F. H. MACKAY 


(From the Departments of Metabolism and Neurology, the Montreal General 
Hospital, Montreal, Canada, and the Spectrographic Laboratories, 
Columbia University, New York) 


(Received for publication, October 11, 1933) 


Lead is widely distributed in nature. During the course of a 
spectrographie study by one of the writers (1) of the relationship 
between the inorganic constituents of soil and inorganic consti- 
tuents of different types of plants grown on the same soil, it was 
found that when lead was detected in the soil that plants grown 
on that soil also contained lead. ‘This was estimated, in some 
cases, to be about 0.05 per cent. One would, therefore, @ priori, 
expect lead to be a common constituent of human excreta due to 
the ingestion of food materials containing lead and this is found 
to be the case. The average amount of lead in the feces of normal 
individuals with no undue exposure to lead was found to be 
approximately 0.08 mg. per gm. of ash (2). Its presence in feces 
does not, however, imply that it is also present in the body tissues; 
ingested lead may not be absorbed. Urinalysis, however, indi- 
cates otherwise. 10 years experience with such examinations at 
the Montreal General Hospital have convinced us that it is the 
rule and not the exception to find lead. The average amount is 
0.1 mg. per liter. Contamination during collection of samples is 
excluded. These observations fit in with those recorded by Kehoe 
and Thamann (2). Urine of individuals suffering from lead 
poisoning, or of those unduly exposed to lead due to occupation, 
may contain much larger quantities than 0.1 mg. per liter. The 
differences between health and disease are, therefore, quantitative 
and not qualitative. 

* This work was done with the aid of a grant from Mr. Julian C. Smith 


of Montreal, a Governor of the Montreal General Hospital. 
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The finding of lead in the urine implies its presence in the general 
circulation and this, in turn, implies its presence in the body in 
general. 

Lead readily attacks the central nervous system. Cerebro- 
spinal fluid has been found to contain as much as 1.0 mg. per liter 
(3) or ten times that found in the urine of normal individuals. 
Its distribution in the body may be widespread. This accounts 
for the fact that lead poisoning may simulate almost every other 
disease of the central nervous system. It is because of this simi- 
larity of signs and symptoms that examination of cerebrospinal 
fluid for lead is a common procedure in hospital laboratories. 
There is, however, much doubt about the diagnostic value of such 
determinations. The large amounts met with in acute lead 
poisoning are undoubtedly abnormal; but, as will presently be 


TABLE I 
Agreement belween Chemical and Spectrographic Analyses of Lead 


Spectrographic Chemical 
No. of cases Lead present Absent Doubtful 
Lead present 9 6 0 3 
“absent 29 1 28 0 
“doubtful 3 0) 3 0 


shown, interpretation of minute amounts of lead is difhieult, unless 
great precautions to guard against contaminations are taken. 

The triple nitrite reaction of Behrens and Kley for the detection 
of lead (4) was applied by Fairhall (5) in 1923 to biological ma- 
terial. It was then found that as little as 0.001 mg. of lead could 
readily be isolated from organic matter. This test has been in 
use in the laboratories of the Montreal General Hospital since it 
was first reported and though many difficulties have been met with, 
the chief problem was not failure to find lead when present, but the 
finding of it when not present in the original material due to the 
many possible sources of contamination. 

In Paper I of this series (6), we have shown that the triple 
nitrite test is very satisfactory for the detection of minute amounts 
of lead in cerebrospinal fluid, provided the reagents are properly 
prepared, all glassware for storage of materials is Pvrex, the final 
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reaction is carried out on a silica slide, and the precautions enu- 
merated to prevent contamination from dust during evaporation 
und ashing of specimens are strictly adhered to. As little as 10° 4 
mg. of lead can readily be detected in 6 ce. of fluid. A speetro- 
graphic technique was also described in the same paper. ‘The sensi- 
tivity of this method is about one part of lead in 1000 million parts 
of material with the same amount (6 ce.) of fluid as in the chemical 
test. ‘Table I shows the agreement between the two methods of 
wnalysis. The following will be noted. 

Of nine cases in which lead was found by the spectrographic 
method, it was found in six by the chemical method, the remaining 


TABLE II 
Types of Cases Investigated and Results 


Type of case No. of cases Lead present Lead absent 

10 10 0 

Suspected lead poisoning.......... 2 0 2 
Cerebral arteriosclerosis........... 1 
(7)... 2 0) 2 
Disseminated sclerosis. ........... 27 2 25 
Peripheral neuronitis............ 2 1 1 
Retrobulbar neuritis... ... | 2 0) 2 


three being classed as doubtful. This is to be expected, in view of 
the relative sensitivities of the two methods. Further proof of 
agreement is that of twenty-nine cases in which no lead was found 
spectrographically, the chemical method indicated absence of lead 
in twenty-eight cases. In the remaining case, lead was found. 
The implication is that the lead found in this case was due to 
contamination during the chemical procedure. Of the three 
cases in which the spectrographic results were classed as doubtful, 
no lead was found by the chemical examination. This, again, 
fits in with the relative sensitivities of the two methods. 

The very excellent agreement between the two methods of 
analysis indicates quite clearly that the chemical test, as modified 
by us (6), is entirely satisfactory for the detection of minute 
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amounts of lead. It may, therefore, be used in hospital practise 
where spectrographic technique is not available. In view of the 
importance of determining whether lead is, or is not, a Constituent 
of cerebrospinal fluid other than in lead poisoning, both methods, 
chemical and spectrographic, were used in the following study. 

Analyses were made in 50 cases representing eleven different 
clinical conditions. In accord with our previous findings (6) if 
lead was not found by the spectrographic method, but was found 
by the chemical method, it was assumed the lead so found was 
due to contamination. The data obtained are briefly summarized 
in Table II. 

It will be noted that of thirteen cases including ten of lead poi- 
soning, two of suspected lead poisoning, and one lead worker, lead 
was found in eleven instances. It was found in every case (ten) 
definitely diagnosed as lead poisoning clinically, and also in the 
case of the lead worker. In the two cases of suspected lead poison- 
ing, the diagnosis was based entirely upon neurological findings; 
there was no history of undue exposure to lead, no stipling of the 
red blood cells nor other signs suggestive of lead poisoning. Of the 
remaining thirty-seven cases which included a variety of disorders 
of the nervous system, lead was found in three instances only and 
amounts were very small, with one exception. In the chemical 
tests, a few crystals only of the hexanitrite were found compared 
with the hundreds noted in lead poisoning. Since the sensitivity 
of the method is about 107! mg., and since 6 ec. of cerebrospinal 
fluid were used in each test, the amounts may be estimated to be 
about 1 part in 60 million parts of fluid. These findings agreed 
with the spectrographic analyses. The spectra in these three 
cases were very faint and corresponded to about 10-> mg. In the 
one exception (a case of peripheral neuronitis) the amounts of lead 
found by both methods were very large and the probability is that 
this was also a case of lead poisoning. It would, therefore, appear 
that other than in lead poisoning, cerebrospinal fluid is entirely 
free of lead or, if present, the amount is less than 1 part of lead in 
about 50 million parts of fluid. The finding of more appears to 
be diagnostic of lead poisoning. 


Effects of Acidosis on Occurrence of Lead in Cerebrospinal Fluid 


It is generally recognized that acidosis, regardless of its cause, 
tends to liberate lead from its stores in the body (bones, etc.). 
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‘This applies to individuals with, and without, lead poisoning. The 
differences between health and disease are quantitative and not 
qualitative. In individuals who have stored large quantities of 
lead, its sudden liberation may readily precipitate an attack of 


TABLE III 
Effects of Administration of Ammonium Chloride upon CO2-Combining Power 


of Plasma 

Experi Heapital | Before Days before | 

ment N adminis- Remarks 

No | tration & | 9 | 3 | 4 | 
l 313/33) 52” | 35 | 33 | 39 | 42 | Disseminated sclerosis 
2 | 960 | & @ 22 26 Cerebral arteriosclerosis 
3. | 1107 51 | 35/36 | 32 | 38) Retrobulbar neuritis 
1148 | 46 38 | 38 | 35 | 29) Lead worker 
5 1174 55 88) 385 | Epilepsy 
(5 1312 48 | 32 46 | 43. 40 Disseminated sclerosis 
7 1451 | 88 | 38 | 41 | 42 | 
8 | 1586 55 34 | 35 | 35 | 31 
1691 | 57 38) 39) 37 | 31 Peripheral neuronitis 
10 1694 57 | 49 | 39 | 33 33 Retrobulbar neuritis 
11 1792 55 | 40 | 32 | 34 | 33 Disseminated sclerosis 
12 1796 57 34 | 38 | 44 

13 1842 51 | 37 | 37 | 36 Cord lesion? 

14 2352 | 33 | 25 | 29 | 31 Disseminated sclerosis 
15 2496 | 47 | 35 | 34 | 32 | 33 “ 
16¢ | 2673 | 40 | 40| 43 “ “ 

17 32 | 40 | 33 

18 2923 | 51 39 | 33 | 36 | 36 | Peripheral neuronitis 
19 2981 48 38 | 49 | 35 | 31. Cord lesion? 

20 3014 48 37 | 32 | 24 | 33 Disseminated sclerosis 
21f 3232 43 35 | 32 | 27 | 21 ox 64 


* All CO, values are expressed as volumes per cent. 

t Nausea almost constant; frequent vomiting. Low COz level before 
administration of ammonium chloride. 

t Taking very little food. Low CQO, level before administration of 
ammonium chloride. 


acute lead poisoning. It was, therefore, considered of interest to 
determine whether lead could, by acidosis, be liberated from its 
stores and made to appear in the cerebrospinal fluid of individuals 
with no lead poisoning and in whom no lead was found previously. 
Acidosis was produced by the administration of ammonium 
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chloride and the degree of acidosis was judged by the CO.-com- 
bining power of the blood plasma. Whether lead was, or was not, 
liberated from its stores was judged by its excretion in the urine 
before, and during, acidosis.!_ The procedure in each case was as 
follows: The subject was kept in bed during the entire period of 
observation and urine was collected quantitatively. To avoid 
contamination, glass urinals were used instead of enamelware. 
The diet given yielded an approximately neutral ash. Urine was 
collected for 3 days before acidosis as a control. On the morning 
of the 4th day, the CO.-combining power of the plasma was deter- 
mined. The subject was then given daily three doses of 5 gm. of 
ammonium chloride at 4 hour intervals for 3 days. The CO»s-com- 


TABLE IV 


Excretion of Lead in Urine before and during Acidosis in Individuals with No 
Lead in the Cerebrospinal Fluid before Acidosis 


The values are given in mg. for 72 hours. 


Before acidosis During acidosis 


bining power of the plasma was determined daily thereafter for 4 
days. All blood analyses were made in the fasting state. One 
sample of the cerebrospinal fluid was collected before acidosis. | 
To obtain representative samples during acidosis, spinal punctures 
were performed twice during administration of ammonium chlo- 
ride, each time as shortly after the determination of the CO,- 
combining power of the plasma as possible. The two samples 
were then mixed. 

In all, acidosis was produced in twenty-one cases. One case is 
excluded because lead was found in the cerebrospinal fluid before 
acidosis. ‘That there was no difficulty in producing this condi- 
tion by the procedure described is shown in Table III. It will, 


1 Although smaller quantities of lead are found in urine than in feces, 
urinary determination is the more reliable as an indication of the elimina- 
tion of lead from the system; lead found in feces may never have been 
absorbed, but when lead is found in urine it implies that it was present in 
the general circulation and, therefore, in the body tissues. 
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incidentally, be observed that there was a slight acidosis or a 
tendency towards it in a number of cases before the administration 
of the ammonium chloride. This is explained by the fact that 
many of such individuals tend to have loss of appetite. They 
are, therefore, in a state of partial starvation (starvation acidosis). 

The effects of acidosis upon the liberation of lead from its stores 
is shown in Table IV. The lead was determined as chromate 
volumetrically (3). 

It will be observed that the average urinary excretion of lead 
before acidosis was 0.18 mg.; whereas, it was 0.39 mg. during 
acidosis. From these findings, it may be concluded that lead was 
liberated from its stores in the body. 


TABLE V 
Effects of Ammonium Chloride Acidosis upon Lead Content of Cerebrospinal 


Fluid* 


| . 
| No. showing lead 
No. of analyses |“ during acidosis 


Cerebral arteriosclerosis... 0.0... 
Cord lesion (?).......... 
Disseminated sclerosis... .. 
Peripheral neuronitis. .... 
Retrobulbar neuritis... .. 


ww bw 
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* Cases with lead in cerebrospinal fluid before acidosis are not included. 


The effects of acidosis on the occurrence of lead in cerebrospinal 
fluid are shown in Table V. The data show that of the twenty 
individuals in whom no lead was found before acidosis, lead was de- 
tected in five instances during acidosis. Again, as before acidosis, 
the amounts were very small corresponding to about 10~ mg. 


SUMMARY 


Chemical and spectrographic analysis of cerebrospinal fluid for 
lead were made in a variety of conditions with the following results. 

Lead was found in cerebrospinal fluid of every individual known 
to be suffering from lead poisoning. 

Lead was found in a lead worker with no clinical signs of lead 
poisoning. 

I.ead was also found in isolated cases with no histories of undue 
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exposure to the metal. In these cases, with one exception, the 
amounts were, however, very small compared with those found in 
lead poisoning. 

An attempt was made to induce the appearance of lead in the 
cerebrospinal fluid by means of acidosis. Acidosis was produced 
by the administration of ammonium chloride and the degree of 
acidosis was determined by the CO.-combining power of the plasma. 
Whether lead was, or was not, liberated from the body was de- 
termined by the amount of lead in the urine during acidosis com- 
pared with that found before acidosis. 

Of twenty individuals suffering from a variety of neurological 
eonditions other than lead poisoning, and in whom no lead was 
found in the cerebrospinal fluid before acidosis, lead was found in 
the cerebrospinal fluid in five cases during acidosis. As before 
acidosis, however, the amounts found were very small—approxi- 
mately 10-4 mg. in 6 ce. of cerebrospinal fluid. 

The above data lead to the conclusion that when the precautions 
which we have described for the detection of lead in cerebrospinal 
fluid are strictly adhered to, lead is found in appreciable quantities 
(more than 107-4 mg. in 6 ec. of fluid) in lead poisoning only. 


In the above investigation, all chemical work was done by one 
of the writers (R.), the speetrographie analyses were made by 
another (D.), and the clinical work (selection of cases, diagnosis, 
spinal punctures, ete.) was done by another (M.). With few 
exceptions, all of the material was obtained from the medical 
wards of the Montreal General Hospital. 

The writers are indebted to Dr. T. I. Hoen and Brother Mare 
for samples of cerebrospinal fluid obtained in ten cases of dissemi- 
nated sclerosis at the Hospice Notre Dame de la Merci, Montreal. 
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CALCIUM AND PHOSPHORUS STUDIES IN THE CHICK* 
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(Received for publication, June 9, 1933) 


The majority of the published data dealing with blood ealeium 
and phosphorus changes in rickets is based upon blood deter- 
minations made after the appearance of rickets. Values obtained 
after the symptoms of rickets are evident do not show when the 
reduction in the calcium and phosphorus first takes place. A 
true understanding of the relation of vitamin D to these blood 
changes can be obtained only if the analyses are made at frequent 
intervals. 

It is the purpose of this paper to show the changes in the 
ealeium and phosphorus content of the blood and the ash content 
of the bone of chicks during the first 6 weeks of life when reared 
on rachitie rations and on the same rations plus vitamin D. The 
chick was used as the experimental animal for several reasons. 
Owing to the high vitamin D requirement of this species, the 
development of rickets takes place very rapidly on a diet of 
natural food materials without resorting to a distorted caleium- 
phosphorus ratio. <A_ sufficient quantity of blood for analysis 
could be obtained from one animal which eliminated the necessitv 
of pooling the blood from several individuals. A sufficient num- 
ber of animals could be placed on each ration to allow several 
determinations during the 6 week period. 

Steenbock, Hart, Jones, and Black (1), Ackerson, Blish, and 
Mussehl (2), and Hughes and Titus (3) were the first workers to 
report low inorganic phosphorus and caleium in the blood serum 


* This work was aided in part by a grant from the Committee on Scien- 
tific Research, American Medical Association. 

Published with the permission of the Director of the Wisconsin Agricul- 
tural Experiment Station. 
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of rachitic chicks. Since then a large number of workers have 
reported similar results but the actual values vary to such an 
extent that it is impossible to compare the results of different 
investigators. For example, the normal inorganic phosphorus 
values vary from 3.00 mg. per 100 cc. of plasma as reported by 
Heller, Hunter, and Thompson (4) to 8 mg. per 100 ce. of serum 
as given by McFarlane, Graham, and Richardson (5). We have 
compared, therefore, the value for chicks on a rachitie diet with 
the results obtained with chicks on the same diet plus a source 
of vitamin D. In one case the vitamin D was supplied by cod 
liver oil and in the other by irradiation. Two different rachito- 
genic diets were used, one low in phosphorus and one containing 
added phosphate. 


EXPERIMENTAL 


Day-old white Leghorn chicks were used for all the studies. 
They were housed in the usual way in warmed cages with 2 mesh 
to the inch screen bottoms. In the first part of our study the 
blood and bone analyses were made at weekly intervals. For 
this work three different experiments were conducted, started on 
the following dates: March 3, 1932, May 4, 1932, and October 27, 
1932. Each series consisted of six groups with fifteen to twenty 
chicks in each group. Three of the groups received the following 
basal ration. 


59 parts ground yellow corn 

25 “ wheat middlings (standard) 

12 erude casein 
1 part common salt 

2 parts precipitated calcium carbonate 
1 part dried yeast (Northwestern) 


The composition is very similar to the ration recommended by 
Hart, Kline, and Keenan (6) except that the calcium phosphate is 
replaced by calcium carbonate. This was done in order to supply 
all the phosphorus from the grains and casein. This ration con- 
tains 0.91 per cent Ca, 0.51 per cent P, with a Ca:P ratio of 
1.8:1. The other groups received the same ration plus 0.8 per 
cent NaHePO;-H:0, which raised the phosphorus content to 
0.70 per cent and shane’ the ratio to 1.3:1. 
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The chicks were divided into the following groups. 


Group. I. Basal + 0.8 per cent NaH2PO,-H,O + 1 per cent cod liver 


oil 
“ II. Basal + 0.8 per cent NaH,PO,-H.,O 
oe 
VI. + irradiation 


‘Two or three chicks from each group were killed for blood and 
bone analyses weekly for a period of 6 weeks. The blood was 
drawn from the external jugular vein directly into trichloroacetic 
acid as described below. The left tibia was removed from each 
chick, dried, extracted with hot alcohol for 72 hours, and ashed for 1 
hour in an electric furnace. The percentage of ash was calculated 
on the moisture- and fat-free basis. 

Blood Analysis—About 10 ce. of 10 per cent trichloroacetic 
acid are placed in a 25 ce. volumetric centrifuge tube.1. The tube 
is stoppered and weighed. 2 to 5 ec. of blood are allowed to drop 
directly from the animal into the acid. The tube is rotated to 
insure complete mixing of the blood with the acid. Any blood 
remaining in the upper part of the neck or on the outside of the 
flask is removed carefully. ‘The tube is stoppered and weighed 
to determine the amount of blood taken. 

The contents of the flask are stirred. with a curved glass rod 
which is also used to mix any particles of blood adhering to the 
side of the flask with the acid. Additional trichloroacetic acid 
is then added to supply about 4 ce. of 10 per cent acid per gm. 
of blood. The volume is finally made to 25 ee. with distilled 
water. The contents are mixed thoroughly and the tubes are 
centrifuged at 3000 r.p.m. for 4 minutes. Aliquot portions of the 
clear supernatant liquid are then taken for analysis. If four 5 ce. 
aliquots are needed it is better to pour off the supernatant liquid 
into another container before the aliquots are taken. 

Calcium—Aliquots equivalent to approximately 1 gm. of blood 
are placed in 15 ec. centrifuge tubes and made up to 10 ce. with 
water. 1 ce. of 20 per cent sodium acetate, 1 to 2 drops of 0.1 
per cent brom-cresol green, and | ce. of 4 per cent ammonium 


1 These tubes may be purchased from Eimer and Amend. 
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oxalate are added. Care is taken to prevent the oxalate from 
touching the lip of the tube from which removal by subsequent 
washing is likely to be incomplete. ‘The mixture is stirred with a 
thin glass rod and 1:1 ammonia is added drop by drop until the 
resulting color matches that of a similar volume of acetate buffer 
solution at pH 5.0. The tube is covered and allowed to stand 
overnight for complete precipitation. The precipitate is centri- 
fuged off and the caicium determined by the method of Clark 
and Collip (7). 

We have found this procedure for the analysis of blood calcium 
very satisfactory Separate determinations on the same sample 
of blood check very well. Several analyses were made in which 
definite quantities of calcium were added to one of the samples 
of blood. Recoveries ranging from 92 to 100 per cent with an 
average of 97 per cent were obtained. 

Phosphorus— The inorganie phosphate was determined on simi- 
lar aliquots according to the method of Fiske and Subbarow (8). 
All results were calculated as mg. per 100 gm. of whole blood. 


Results 


The weekly changes in the calcium and inorganic phosphorus 
content of the blood taken from the chicks studied in Series 2 and 
3 are given in Chart I. The figures from Series 1 are not in- 
cluded because a slightly different method was used for the blood 
analyses in that experiment. Each point on the curves was ob- 
tained from an average of the values from four to six different 
chicks. Corresponding values for the ash content of the bones 
taken from these chicks are given in Table I. 

It is evident from these results that the calcium and inorganic 
phosphorus in the blood of chicks are greatly influenced by age. 
In all the animals receiving vitamin D (cod liver oil or irradiation) 
both on the high and low phosphorus diets, Groups I, III, 1V, VI, 
the calcium was 13 to 14 mg. per 100 gm. of blood during the Ist 
and 2nd weeks of life. By the 3rd week it had decreased to 12 
mg. or less and thereafter it remained at about 10 to 11mg. The 
high blood calcium during the first 2 weeks of life is undoubtedly 
associated with the rapid calcification of the bones during this 
period. It is seen from Table I that a very considerable amount 
of calcium deposition has taken place by the end of the 2nd week. 
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Results given Inter in the paper will show that the chicks are not 
hatched with a blood calcium content as high as 13 to 14 mg. 
but that this increase takes place only after the addition of vitamin 
D to the diet. 


mg./100 blood 
15 High Phosphorus Ration Low | Phosphorus Ration 
My 
5 
Inorganic |Phosphorus 
10 High Phosphorus Ration Low |Phosphorus Ration 
6 
4 
. 2 6 2 4 6 


Age in weeks 


Cuart I. Weekly changes in the calcium and inorganic phosphorus 
content of the blood of chicks. The continuous line indicates that vitamin 
D was supplied by cod liver oil; the dashed line, by irradiation; the line 
with dots, no vitamin D was supplied. The Roman numerals are group 
numbers. 


The results for Groups II and V without vitamin D supplement 
are quite different. Here the calcium is down to 9 to 11 mg. during 
the lst week. There is a slight increase the 2nd week, but there- 
after the values drop rapidly to 6 to 8 mg. at the 4th week. There 
is very little decrease after the 4th week; in some cases there may 
even be an increase if the blood is obtained from very rachitic 
animals that have consumed little food. The low calcium values 
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during the Ist week are exceedingly interesting because they show 
that there is insufficient vitamin ID in the chicks at birth to allow 
normal calcium assimilation even during the Ist week of life. 
This deficiency is evident from the bone analysis (Table 1). There 
is practically no change in the ash content of the bones from the 
chicks receiving no vitamin ID, while the bones from the other 
chicks show «a definite increase in ash content during the same 
period. 
Although the slight increase in the blood calcium of the chicks 
on the rachitie diet during the 2nd week has been observed in chicks 
on both the low and high phosphorus diets, many more results are 
necessary before the significance of this increase can be definitely 


TABLE I 
Weekly Variations in Ash Content of Bone From Chickens on Different 
Rations 
Age | Group I CGiroup II | Group III Group IV Group V Group VI 
wks. per cent per cent | per cent per cent per cent per cent 


3.41 | 31.87 37.75 34.94 31.00 40.12 
42.11 31.92 39.75 36.87 28.70 39.17 
42.35 | 27.71 40.54 38.88 29.30 39.57 
43.31 27.46 41.82 39.03 27.47 40.11 
43.02 20.20 40.56 40. 66 27.70 40.42 
44.65 41.72 42.87 39.30 


established. The history of the eggs from which the chicks were 
hatched may have some influence on these slight changes. How- 
ever, it is entirely possible that the increase is due to an over- 
activity of the parathyroid gland at this point in an attempt to 
compensate for the low blood calcium. 

The inorganic phosphorus values are also high at birth and fall 
with age. On the high phosphorus ration plus vitamin D, the 
values start at 9.5 mg. and decrease to 6.5 mg. at 6 weeks of age. 
On the low phosphorus ration plus vitamin D the values start at 
7.5 mg. and decrease to 5 mg. It is interesting to note that in 
spite of the fact that both groups were receiving vitamin D, and 
the blood calcium values for the two groups are quite comparable, 
the phosphorus content of the blood from chicks on the basal 
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ration is definitely lower than the values for the chicks on the 
same ration plus sodium phosphate. Shohl and coworkers (9) 
have recently observed a similar decrease in the blood phosphorus 
of rats on a low phosphorus diet containing cod liver oil. The 
observed difference may be due merely to a difference in the total 
phosphorus of the ration or the presence of the inorganic phos- 
phorus may exert a specific effect. This may explain the high 
values obtained by Steenbock, Hart, Jones, and Black (1) for 
normal chicks on a ration of corn and milk, and the low values 
reported by Ackerson, Blish, and Mussehl (2) on a ration of cereals 
and meat. 

In spite of the low blood phosphorus the animals were able to 
produce normal bones (Table I). The ash content of the bones 
from the chicks on the low phosphorus ration plus cod liver oil 
was slightly lower, especially during the 2nd and 3rd weeks, than 
from the group receiving added phosphate and eod liver oil. 
However, the values for the low phosphorus group plus irradiation 
compare very well with the high phosphorus group plus irradiation. 
These results are in agreement with the values given by Shohl 
(9) for rats on a low phosphorus diet. 

It is also important to point out that the phosphorus values for 
chicks on this ration are only slightly lower in the absence of 
vitamin D. This fact emphasizes again the importance of con- 
trolling the phosphorus content of the ration if blood phosphorus 
is to be used for the diagnosis of rickets. The difference is much 
greater in the case of the high phosphorus diet. During the Ist 
week the results for the chicks with and without vitamin D are 
about the same but the figure for the rachitic chicks drops more 
rapidly thereafter, reaching the low point of 5.0 mg. at 4 weeks. 
All these results indicate that during rickets the blood calcium 
decreases first and the phosphorus changes are dependent upon the 
decrease in calcium. 

Since such definite changes in blood calcium were observed 
during the Ist week of life, a further study was made on the daily 
changes in the blood calcium and bone ash of chicks on the basal 
ration plus NaH2PO, and the same ration plus 1 per cent cod liver 
oil. These results are given in Table II. Since no definite number 
of chicks was taken each day the number of values used for calcu- 
lating the average is given after each figure. The calcium value 
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at 2 days of age is approximately 12 mg. per 100 gm. of blood. 
In the presence of vitamin D this value increases to 13 to 14 mg. 
during the period of rapid calcification then drops to 10 to 11 mg. 
There is a very striking increase in bone ash during the first few 
days of life provided sufficient vitamin D is supplied. The bones 
contain 32 per cent ash at 2 days and increase to 38 per cent at 
7 days and to about 40 per cent at 12 days. 

Without vitamin D the blood calcium shows a decrease from 
12 mg. at 2 days of age to values of 7 to 8 mg. per 100 gm. of blood 


TABLE II 
Effect of Vitamin D on Blood Calcium and Bone Ash during First 2 Weeks 
of Life 
Basal + NaHePO; + cod liver oil Basal + NaH-ePO, 
Group I Group II 
| Ca =m. | Bone ash Ca | Bone ash 
daus mig. percent mid. | per cent 
2 | 11.94 (3) 30.05 (2) 12.00 (5) | 32.35 (2) 
3 13.65 (5) 33.95 (5) | 11.92 (3) | 35.55 (3) 
4 13.92 (5) 36.40 (4) 11.06 (5) 33.47 (3) 
5 13.09 (6) 36.47 (4) | 11.98 (4) | 34.83 (3) 
6 | 9.87 @) 37.47 (2) 9.22 (3) 30.60 (1) 
7 | 10.36 (5) | 38.33 (5) | 
| 39.85 (2) 8.14 (2) | 33.65 @) 
q | 10.20 (3) 38.11 (3) | 
10 ' 11.98 (3) | 38.51 @) 11.44 (3) 34.27 (3) 
11 10.41 (4) 41.04 (4) 8.51 (4) 32.95 (4) 


12 — 10.97 (3) 39.63 (3) 7.32 (1) 31 90 (1) 


The numbers in parentheses indicate the number of chicks. 


at 12 days of age. The bone ash starts at 32 per cent, shows no 
increase with age, and at the end of 12 days is slightly less than 
32 per cent. 


DISCUSSION 


Like many other studies of this nature much more work is 
necessary before a complete standardization of all variables is 
possible. We have used chicks hatched from eggs produced by 
hens fed rations containing ordinary amounts of vitamin D. 
Although preliminary trials have shown that small variations in 
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the vitamin D intake of the hen do not affeet the blood and bone 
analysis of the chick, more extensive studies are necessary. Only 
two different rations were used in this study. Rations containing 
still different amounts of calcium and phosphorus may give quite 
different results. Different levels of vitamin ID in the ration may 
also reveal other interesting facts. 

All the blood analyses were made on whole blood rather than 
on serum or plasma. This method was necessary in order to 
allow calcium and phosphorus determinations on the blood from 
one chick. It also has certain other advantages, especially in 
the ease of phosphorus. However, the relative merits of the two 
methods will not be discussed in this paper. Suffice it to say, that 
the values reported here cannot be compared directly with those 
obtained for blood serum or plasma. 

In spite of these limitations, the results presented have a number 
of significant applications. They definitely illustrate the necessity 
of controlling a number of factors if the results for blood calcium 
and phosphorus are to be of any value in experimental animals 
such as the chick. Most workers delay the blood analysis until 
the animals on the rachitic diet show profound symptoms of 
rickets. Hall and King (10) and MeFarlane, Graham, and 
Richardson (5) are the only workers we know of who have made 
weekly blood analyses. The latter workers, however, did not 
place the chicks on experiment until they were 16 weeks old. 
The results presented in Chart I show that many of the most 
important changes take place before the 5th and 6th weeks of 
life, and that the greatest difference between the blood of normal 
and of rachitie chicks in both the calcium and the phosphorus may 
be expected about the 4th week. Similar relations hold in the 
case of bone analysis. The percentage of ash in the bones from 
the rachitic chicks is as low at 4 weeks as any other time and the 
ash in the bones from the normal chicks has practically reached the 
maximum level at this age. Miller, Dutcher, and Knandel (11) 
and Russell and Massengale (12) seem to be the only workers who 
have followed the changes in bone ash during the first few weeks of 
life. 

The phosphorus results clearly indicate the importance of con- 
trolling the phosphorus content of the ration if the analysis of 
inorganic phosphorus in the blood is to be used in the diagnosis of 
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rickets. When no additional phosphate was added to the grain 
ration, the blood inorganic phosphorus was only slightly higher in 
the presence of vitamin D than in its absence. However, when 
sodium phosphate was added to the ration, more distinet differ- 
ences were noticeable. 

The early changes in the bone ash may be of considerable prac- 
tical importance in the assay of vitamin ])-containing materials. 
Instead of feeding the chicks for 5 to 6 weeks, the experiments cer- 
tainly can be terminated at 4 weeks and very probably at 2 weeks. 
Lachat, Halvorson, and Palmer (13) have recently shown that 
with the method used by them the results for the bone ash analyses 
were as accurate after a 4 week feeding period as a feeding period 
of 5 weeks. This modification will mean a big saving in time and 
cost in all assay work involving chicks. 

Our results also indicate that the chick may be a valuable animal 
for fundamental studies concerning the mechanism of vitamin D 
activity. The rapid and profound changes brought about in the 
blood calcium by the absence or presence of vitamin ID demon- 
strate a very close relation of this vitamin to the absorption of 
calcium from the gut. The fact that the young chick is imme- 
diately dependent upon external supplies of calcium and vitamin 
D should simplify the problem to a large extent. If vitamin D 
affects phosphate absorption in the chick, its action on this ion 
must be much delayed in comparison to its action on calcium. 
The bones taken from chicks during the first 12 days of life, during 
which time the ash increases from 32 to 40 per cent, should yield 
valuable material for studying ossification. 


SUMMARY 


1. The average calcium content of the blood of chicks 1 to 2 
days old is 12 mg. per 100 gm. of whole blood. If the chicks 
receive a diet containing ample vitamin D, the calcium increases 
to 13 to 14 mg. per 100 gm. during the Ist week of life, then drops 
gradually, reaching values of 10 to 11 mg. at 3 to 6 weeks of age. 
The calcium content of the blood is not affected by a decrease in 
the phosphorus content of the diet. When no vitamin D is added 
the calcium drops to 9 to 10 mg. per 100 gm. of blood during the 
lst week. <A definite increase is noted during the 2nd week, which 
is followed by a drop to 7 to 8 mg. at 4 weeks of age. The lack of 
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vitamin ID shows its effect on the calcium content of the blood 
during the 1st week of life. 

2. The inorganic phosphorus content of the blood of chicks 
on a standard rachitogenic diet plus cod liver oil or irradiation 
decreases from an average of 9 mg. per 100 gm. of whole blood 
during the lst week of life to 6 to 7 mg. at 6 weeks of age. In the 
absence of added vitamin D the values drop from 9 mg. at 1 week 
to 5 mg. at 4 weeks of age and continue at this level until the 
animals die of rickets. If the added inorganic phosphorus is 
removed from this ration the average value drops to 7 mg. at 1 
week of age and decreases to 5 mg. at 6 weeks of age in the pres- 
ence of vitamin D. If the vitamin D is also omitted only slightly 
lower values are obtained. 

3. The ash content of the bones of the chicks reared on this 
rachitogenic diet decreases very slowly from 30 to 32 per cent at 
1 week of age to 27 to 29 per cent at 5 weeks. In the presence of 
ample vitamin D the ash increases to 36 per cent during the Ist 
week and continues to increase to 40 to 42 per cent at 6 weeks. 
The ash content of the bones of the chicks on the low phosphorus 
diet plus vitamin D may be slightly lower than that of the bones 
from chicks on a high phosphorus diet, but there is no indication 
of any serious disturbance in calcification. 

4. A discussion of the application of these results to the inter- 
pretation of blood analysis in the study of rickets, to the use of 
shorter feeding periods for vitamin D assay with chicks, and to the 
study of the mechanism of vitamin D activity is included. 
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Although many investigators have shown conclusively that cal- 
cium exists in the plasma in both diffusible and non-diffusible 
forms, it is still unsettled whether the increase in the plasma eal- 
cium concentration following the injection of an active parathyroid 
extract represents an increase in the diffusible or non-diffusible 
fraction. 

In vitro collodion membrane experiments designed to study the 
changes in the relative amounts of these two fractions of plasma 
calcium following parathormone injections are open to the criti- 
cism that physiological conditions are not represented. 

(‘ameron and Moorehouse (1) suggested in 1925 that the cere- 
brospinal fluid calcium represents the physiologically diffusible 
fraction of the plasma ealeium. On this basis, Morgulis and 
Perley (2) and Merritt and Bauer (3) investigated the diffusibility 
of the plasma calcium mobilized by the administration of para- 
thormone by measuring the relative increase in the cerebrospinal 
fluid calcium concentration. The results of both of these investi- 
gators (2, 3) showed remarkable constancy of the cerebrospinal 
fluid calcium level, even in the event of large increases in the serum 
caleium content during parathormone administration. Similarly, 
during parathyroid tetany, the cerebrospinal fluid calcium levels 
remained practically fixed in spite of marked decreases in the 


* This investigation was aided by a grant from the Proctor Fund of 
Harvard University. 
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serum calcium concentration (2). Irom their results Merritt and 
Bauer (3) conclude, “If we accept the cerebrospinal fluid as a 
dialysate in osmotic and hydrostatic equilibrium with the blood 
plasma, our data would indicate that variations in serum calcium 
occurring during parathyroid tetany or following the adminis- 
tration of parathyroid gland extract are chiefly and perhaps 
wholly limited to the non-diffusible calcium.” 

Arnold and Mendel (4), in 1927, showed in two experiments on 
dogs that the calcium concentration of thoracic duct lymph, in- 
creased as did the calcium concentration of the serum following-the 
injection of parathormone. At the end of the experiments the 
increase in calcium concentration was alike in the two fluids. In 
one experiment on a parathyroidectomized dog these authors 
found that the lymph calcium concentration, as well as the serum 
ealecium concentration, decreased. The results obtained by 
Arnold and Mendel (4) for the lymph caleium concentration fol- 
lowing parathormone administration and parathyroidectomy in- 
dicate, therefore, that parathormone affects chiefly the diffusible 
calcium fraction of the serum, a conclusion opposite to that sug- 
gested by those investigators (2, 3) whose studies were based on 
cerebrospinal fluid calcium measurements. 

Recent chemical studies in this laboratory (5) have shown that 
edema fluids obtained from patients with nephritis, cardiovascular 
disease, cirrhosis of the liver, and carcinomatous obstruction, are 
simple dialysates in equilibrium with blood plasma. This consid- 
eration suggests that simultaneous measurements of the increase in 
serum and edema fluid calcium concentrations following parathor- 
mone injections would be a rational method of gaining insight 
into the physiological diffusibility of the serum calcium mobilized 
by parathyroid extract. Such measurements, along with other 
significant data, are herewith presented. 


Methods 


All blood and fluid samples were obtained after a fast of 12 or 
more hours. The blood samples were drawn without stasis from 
the antecubital vein into an oiled syringe and centrifuged under 
oil. The subcutaneous edema fluids were collected by means 
of Southey’s tubes. The peritoneal and thoracic cavities were 
tapped to obtain sample specimens for analysis and drained at 
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the time of the last puncture. None of the fluid specimens con- 
tained significant amounts of blood. 

Because of the close relationship of plasma and fluid calcium 
concentrations to the concentrations of inorganic phosphate and 
protein, measurements of these two latter substances were also 
made. The following analytical methods were used: calcium, 
Fiske and Logan (6); inorganic phosphate, Fiske and Subbarow 
(7); protein of serum and edema fluids, Dyer (8) (non-protein 
nitrogen subtracted from total nitrogen and the remainder multi- 
plied by 6.25); protein of cerebrospinal fluid and certain low pro- 
tein edema fluids, Denis and Ayer (9). The calcium and protein 
analyses were made in duplicate. 

Parathormone (Lilly)! was injected with a 2 inch 18 gage needle 
deeply into the gluteus or quadriceps femoris muscles. No two 
successive doses were injected in the same site. The first three 
patients who received the injections in this manner experienced 
considerable and prolonged pain. For this reason all the sub- 
sequent injections of parathormone were given in conjunction 
with a 0.15 per cent solution of butyn (Abbott). The site of 
injection was first infiltrated with approximately 5 ce. of the 0.15 
per cent butyn solution and without withdrawing the needle the 
parathormone syringe was attached and emptied. The patients 
who received injections in this manner experienced less discom- 
fort. 

The shortest elapsed time between a parathormone injection and 
the subsequent collection of serum and fluid samples was 10 to 
12 hours in nine of the cases, and 4 hours in the tenth case. 


Results 


The clinical diagnoses, the sites from which fluids were drawn, 
and the effects of the intramuscular administration of parathor- 
mone on the calcium contents of the sera and on the inorganic 
phosphorus and protein contents of the sera and edema fluids in 
ten cases, together with cerebrospinal fluid studies in two cases, are 
given in Table I. The relationship between the serum and fluid 
calcium contents and the time and amounts of parathormone 
dosages for each case are given in Fig. 1. 

1We are indebted to Eli Lilly and Company for generously supplying 
the parathormone used throughout this investigation. 
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TABLE. I 
Calcium Concentrations of Sera and Phosphorus and Protein Concentrations 
of Sera and Fluids Following the Administration of Parathormone 


Inorganic P | Protein 
| | mg. wed mg.) mg.) mg.) mg. gm.| gm. gm. gm. 
urs. | unite! | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 
| | €C. | Cc. | CC. | cc, | ec. | ce, | Ce. | Ce. | ce, | ee. | et, 
1 Congestive 1* 8.7/4.4)4.7 6.414 
| heart | 80) 9.63.2)3.2 | 6.5/1.2 | 
| failure 160) 9.2}4.1/4.3 
«| 4 | | | 
| | 2-100 
20010. 23. 513.6  15.7/0.2! 
4 40 12.2)3.8)/3.8 | 6.60.2 
1 | | 8.2/4.1/4.1 6.00.3 
| 9.73.23.3 | | 5.7/0.3 | 
| 3 | 150/10.0} | | |5.310.3 | 
4 | 51 | 1 | | 8.5/2.9/2.9/2.9 | | 
es 2 | 150 | ee | 
3 |  |5.010.5/1.6 | 
| 4 10010.3.2.6 | 5.40.7; | | 
5 66) Carcinoma 1 8.3/3.6, | 13.3 3.6, 
| with ob- 80, 9.03.5 2.9) (5.7 3.5] 
| struction | 
7S | Leucemic 2.5 6 
| infiltra- 2 | 100 | : | | | 
| tion of | 5 9 2.5 6.2 0 
| fiver | | | 
7 | Cirrhosis | 1 8.1/3.5 3.4 6.8 Ls 
| of liver | 2 | 100) 9.3/2.8 | 17.2 ae 
| (luetic) | 3 | 50)10.2/2.7 2.7; 2.1 
8 | 46 | Congestive | 1 9.2/3.2 3.2; |7.0 34 
heart 2 | 150) 9.0/2.7 2.5 7.0 3.2 
failure 3 100) 9.82.5 
9.1/3.2 1.37.40.8 0.05 
2 100, 9.62.5 | 17.310.9 | 
| | 200/10.9)2.5) | 1.4/7.8) | | (0.05 
10 | 47) “ 1 
| 2 | 150 
| 3 |  1.44.90.30.5) (0.02 
| | 4 | 0f10.3)3.2) [2.9] |5.20.3)0.5 


*In each case the values on the first day of observation are control 
values obtained before parathormone was administered. 
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Calcitum-—The magnitude of the effect of a given dose of para- 
thormone on the serum calcium varied greatly in the different 
patients studied. A measurable increase in serum calcium occur- 
red after various dosages of parathormone in nine of the patients. 
In one patient (Case 6) the serum calcium decreased from 10.2 
to 9.7 mg. per 100 cc., while the ascitic fluid calcium concentration 
remained unchanged. The rather low control serum calcium 
values found in some of these cases are characteristic of the values 
found in patients with edema fluids of various origins (5) and are 
probably due in part to the relatively low serum protein values. 

In the six instances (Cases 1-4, 9, and 10) in which blood and 
subcutaneous edema fluid were drawn simultaneously, the in- 
creases in the edema fluid calcium concentration following the 
administration of parathormone paralleled strikingly the increases 
in the serum calcium concentration (Fig. 1). In five instances 
(Cases 5-8 and 10) blood and ascitic fluid samples were drawn 
simultaneously. The increases in the ascitic fluid calcium con- 
centration following parathormone administration were, at times, 
somewhat less than the increases in the serum calcium (Fig. 1). 
In Case 10, the augmentation of the serum calcium and that 
of the ascitic fluid calcium were practically the same. In Case 4, 
in which serum chest fluid, and subcutaneous edema fluid were 
obtained simultaneously, the increases in the calcium concen- 
tration following parathormone administration were strikingly 
similar in all three fluids. In Case 10, in which serum, chest fluid, 
subcutaneous edema fluid, and ascitic fluid were obtained simul- 
taneously, the increases in calcium in all fluids were likewise 
strikingly similar (Fig. 1). 

In two of the cases (Cases 9 and 10), in which there were large 
and parallel increases in the calcium concentration of the edema 
fluids and sera, the cerebrospinal fluid calcium was also studied. 
In contrast to the large and parallel increases in the calcium con- 
centration of the edema fluids and sera, the calcium concentration 
of the cerebrospinal fluids did not change appreciably (Fig. 1). 

Phosphorus—In nine of the ten cases the serum” phosphate 
concentration decreased after the administration of parathormone 
(Table I). In the tenth case (Case 6), in which the serum phos- 
phate did not decrease, the serum calcium atypically showed a 
slight fall. The decreases in the inorganic phosphate concen- 
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Fig. 1. The relationship between the concentration of serum caleium and edem: 
fluid and cerebrospinal fluid calcium following the administration of parathormone i: 


the ten cases studied. 
numbers. 


The numbers at the top right of each chart represent the cas’ 
The first observation charted in each case is a control taken before parathor 


mone was administered. The parathormone dosages are indicated by the smal 
black columns at the top of each graph, the scale of units being the same as indi 
cated numerically in Case 1. 
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tration of the sera were accompanied by similar decreases in the 
inorganic phosphate concentration of the subcutaneous edema 
fluid, the ascitie fluid, and the chest fluid. In contrast to this 
finding, in the two cases in which the cerebrospinal fluid was 
studied (Cases 9 and 10), the cerebrospinal fluid inorganic phos- 
phate levels showed no appreciable change, in spite of the fact 
that the serum inorganic phosphate concentration fell 0.7 mg. 
per 100 cc. and 1.7 mg. per 100 cc., respectively. In Case 8, the 
serum and ascitic fluid inorganic phosphate concentrations de- 
creased markedly before the calcium concentration showed any 
change. The decreases in serum and fluid inorganic phosphate 
concentrations were maximal at approximately 24 hours (Table I); 
whereas the increases in the calcium concentration were usually 
maximal 24 to 48 hours later (Fig. 1). Therefore, the phosphorus 
decreases and calcium increases were neither simultaneous nor 
inversely proportional. 

Protein—The serum protein concentration showed only minor 
fluctuations following the administration of parathormone in 
nine of the ten cases studied (Table I). In one instance (Case 7) 
the serum protein concentration increased from 6.8 to 8.1 gm. 
per 100 cc. during 48 hours of parathormone administration. 
The edema fluid protein did not vary greatly except in Case 4, in 
which increases of 0.6 gm. and 0.4 gm. per 100 ce. were observed 
in the chest and subcutaneous edema fluids respectively. This 
patient experienced a profuse diuresis during the 72 hours of 
parathormone administration. The increases in the protein con- 
centration of the subcutaneous and chest fluids are probably the 
result of the more rapid withdrawal of water and salts than of 
protein from these body compartments (5). 


DISCUSSION 


The above observation that the administration of parathormone 
causes an increase in the calcium concentration of edema fluid, 
which is quantitatively similar to the increase in the calcium con- 
centration of the serum, shows that it is mainly, if not entirely, 
the diffusible calcium fraction of the plasma which is increased 
by parathormone administration. That the augmentation of the 
calcium concentration should not always be exactly alike in 
serum and fluid, especially in the case of ascitic fluid, is to be 
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expected since calcium equilibrium may not be obtained at the 
time of withdrawal of the samples. In Case 7 (Table I, Fig. 1) 
a portion of the discrepancy between the serum calcium increase 
and the ascitic fluid calcium increase is probably due to the in- 
crease in serum protein seen in this case. 

Since toxic effects accompany the excessive accumulation of 
calcium in the plasma following large doses of parathormone (10), 
and since tetany results when the plasma calcium is reduced in 
hypoparathyroidism, the fraction of calcium held in the plasma by 
parathyroid activity is presumably physiologically active. It is 
reasonable, therefore, that the calcium which is mobilized in the 
plasma by parathormone injections should be diffusible as shown 
above, rather than “bound.”’ 

That the changes in lymph calcium, as shown by Arnold and 
Mendel (4), are quantitatively similar to the changes in the blood 
serum calcium at different levels of parathyroid activity, is in 
accord with our findings and with the dialysate nature of lymph 
(11). The conclusions of Stewart and Percival (12), based on 
ultrafiltration experiments, are essentially in harmony with our 
findings. 

The observation that the cerebrospinal fluid calcium concen- 
tration does not change significantly following parathormone 
administration, in spite of a marked change in the serum calcium 
concentration (Cases 9 and 10) is in accord with the studies 
of other investigators (2, 3). This finding is not contradictory to 
the above conclusion that the calcium mobilized by parathormone 
is diffusible. By a comparison of the distribution of many electro- 
lytes and non-electrolytes between serum and cerebrospinal fluid 
(13-15) with the distribution of the same substances between 
serum and edema fluid (5), evidence has been presented (11) 
which shows that the composition of cerebrospinal fluid differs in 
many respects from the composition of a simple dialysate in equi- 
librium with blood plasma. It follows that even if one accepts the 
dialysate theory of the nature of cerebrospinal fluid, studies in- 
volving general physiological diffusibility cannot be based on 
studies of cerebrospinal fluid alone. 

On the basis that the phosphate concentration of cerebrospinal 
fluid is normally only approximately 40 per cent of the phosphate 
concentration of the serum, certain authors have suggested that 
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approximately 60 per cent of the serum phosphate exists in a non- 
diffusible ‘“‘inactivated”’ form. Since the cerebrospinal fluid phos- 
phate concentration was not significantly increased in a case of 
idiopathic hypoparathyroidism in which the serum phosphorus was 
increased to 6.2 mg. per 100 ec., Albright and his associates (16) 
suggested that the serum phosphate increase in hypoparathy- 
roidism represents an increase in this inactivated portion. 

However, the approximate equality of the concentration of 
inorganic phosphate in serum and edema fluid (5) (Table I) 
offers strong evidence that the proteins of the plasma do not in- 
activate appreciable amounts of phosphate. The above finding 
that the inorganic phosphate concentration of edema fluid de- 
creases quantitatively as the serum phosphate decreases follow- 
ing parathormone is accordingly to be expected. ‘That no sig- 
nificant change in the phosphate concentration of cerebrospinal 
fluid occurs following parathormone administration (2, 3) (Cases 9 
and 10 above) and in hypoparathyroidism (16) is to be explained 
on the basis that the nature of cerebrospinal fluid differs from that 
of simple dialysates in equilibrium with blood plasma. 

The finding that the maximum serum phosphorus decreases 
preceded the maximum calcium increases in most of the cases 
studied above is in harmony with the concept of Albright and 
Ellsworth (17) and of Ellsworth (18) that the primary effect 
of parathormone administration is to cause a fall in the plasma 
phosphorus, the increase in calcium concentration being a sec- 
ondary and compensatory effect. The decreases in the edema 
fluid phosphate and the increases in the edema fluid calcium seen 
above are interpreted as being secondary to the changes in the 
plasma. 

A wide variation in the magnitude of the effect of a given dose of 
parathormone on the plasma calcium in different individuals has 
also been noted by other investigators (3, 19). Although com- 
paratively large doses of parathormone were administered to the 
patients studied above, the increases in plasma calcium were, in 
yeneral, relatively less than those found by Merritt and Bauer 
(3) and by Albright eé al. (19) in young, non-debilitated adults. 
The patients studied in our series ranged in age from 46 to 78 
years, and were chronically and severely ill. Bauer eé al. (20) 
have shown that the bone trabeculae of rabbits are depleted during 
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prolonged parathormone administration and during other pro- 
cedures which result in a loss of calcium from the body. Albright 
et al. (19) have further shown that, although the plasma calcium 
may increase initially following parathormone, the drug may 
become ineffective in maintaining the plasma calcium at a high 
level after prolonged administration. Aub et al. (21) have pointed 
out that a marked loss of calcium from the body may occur during 
severe illnesses associated with malnutrition and acidosis. These 
considerations suggest that the relatively poor response to para- 
thormone administration in the patients studied above may be 
due in part to the previous depletion, during chronic illness, of the 
calcium supply which is available for mobilization by this drug. 
Further, the diffusion of the mobilized calcium from the plasma 
into the large volumes of edema fluid would tend to minimize the 
plasma calcium increase in edematous patients. 

In view of the observations of certain investigators (22, 23) that 
parathormone may cause diuresis in some patients with nephrotic 
edema, data of fluid intake, urinary output, and body weight were 
collected in the seven cases reported above with cardiac edema 
(Table I). In only one of these cases (Case 4), a decompensated 
cardiac patient with marked pitting edema of the extremities and 
sacrum, & bilateral hydrothorax, and a plasma protein concen- 
tration of 5.1 gm. per 100 cc., was there a significant diuresis 
during parathormone administration. During the 3 days on which 
he received this medication, this patient lost 21 pounds in weight 
and showed a correspondingly increased urinary volume. The 
patient received no diuretic drugs during this period, except for 
continuation of his usual maintenance dose of digitalis. Ellsworth 
(18) has reported a slight diuresis following single injections of 
from 40 to 80 units of parathormone in two out of four experiments 
in two patients with postoperative hypoparathyroidism and no 
edema. In a carefully controlled study of the urinary water, 
chloride, and total base exeretion, Albright ef al. (19) found 
«. diuresis of approximately 300 ec. per day and a slight increase 
in the urinary excretion of chloride and total base during the daily 
administration of 100 units of parathormone to a patient with a 
large ossified hematoma and no edema. QOur studies of water 
balance in the edematous patients above were not well enough con- 
trolled to detect changes as small as those found by Albright 
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et al. (19) and by Ellsworth (18). It is of interest, however, that 
parathormone did not act as a therapeutically effective diuretic in 
six of the above cases with cardiac edema. In the seventh case 
the marked diuresis which occurred during the administration of 
parathormone may have been caused by this drug, although the 
data accumulated do not suggest the mechanism of its diuretic 
action. 


SUMMARY 


1. The calcium concentration of edema fluid increases follow- 
ing the administration of parathormone; this increase being quan- 
titatively similar to the increase in the serum calcium concen- 
tration. 

2. This observation demonstrates that the fraction of calcium 
mobilized in the plasma by the injection of parathormone is 
mainly, if not entirely, diffusible. 

3. The decrease in the serum inorganic phosphate concentration 
following parathormone injections is also reflected by a quanti- 
tatively similar decrease in the inorganic phosphate concentration 
of the edema fluid. 

4. In contrast to these findings, the calcium and inorganic phos- 
phate concentrations of cerebrospinal fluid do not change sig- 
nificantly in spite of marked changes in the serum effected by 
parathormone injections. ‘This finding demonstrates an additional 
fundamental difference between the nature of cerebrospinal fluid 
and of simple dialysates of the blood plasma, such as edema fluid 
and lymph. 

5. The protein concentration of the serum and edema fluid 
does not, in general, change appreciably following the adminis- 
tration of parathormone. The protein concentration of the chest 
and edema fluids increased 0.6 and 0.4 gm. per 100 ce. respectively 
in one patient, owing evidently to the profuse diuresis which 
occurred during the period of parathormone administration. 

6. The maximal decreases in the serum and edema fluid phos- 
phate concentration were observed from 24 to 48 hours previous to 
the maximal increases in the calcium concentration. This finding 
is in accord with the concept that the primary action of parathor- 
mone is to cause a decrease in the plasma inorganic phosphate. 
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The significance of the phosphates in the titratable acidity of 
urine was pointed out by Henderson and Spiro (1), and the rela- 
tionship between the primary and secondary phosphates and the 
hydrogen ion concentration of the urine was elaborated by Hen- 
derson (2). Morgulis and Hamsa (3), employing an electrometric 
titration for determining urinary acidity to the pH of the blood, 
were led from their data to question the significance of the titrata- 
ble acidity as a quantitative measure. In arecent book on mineral 
metabolism Berg (4) devotes the major portion of his discussion to 
the problem of the titratable acidity of the urine, and the conclu- 
sion he arrives at inspired the investigation reported in this paper. 
To begin with, Berg subjects to a vigorous criticism the Michaelis 
procedure for determining the primary and secondary phosphates 
in urine by titrating the former with 0.1 n NaOH to the turning 
point of phenolphthalein and the latter with 0.1 N HCl to the 
turning point of methyl orange. The criticism, which has been 
made before (5, 6), is certainly well founded; although the pro- 
cedure may be applicable to pure phosphate solutions, it is a total 
failure when used with urines. Our own experience in this matter, 
based upon a more refined technique of titrating electrometrically 
with acid or alkali to the pH of either BH.PO; or B,HPO,, instead 
of relying upon the rather uncertain end-point of the indicators, 
has amply demonstrated that the phosphate value calculated on 
the equivalence basis may be 250 to 350 per cent different from 
the phosphate values directly determined. This fact explains the 
gross errors committed by Neuschlosz (7) in a recent study of 
urinary composition in relation to the acid-base balance, in which 
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he determined the primary and secondary phosphates by the 
Michaelis procedure. Shortly following this Neuschlosz (8) pub- 
lished what amounts to a retraction and offered a correction to his 
previous analytical results, based upon an evaluation of the organic 
acids partaking in the titration. However, he overlooked un- 
fortunately that the original method of Van Slyke and Palmer (9) 
for determining organic acids had undergone an important modifi- 
cation, since Greenwald (10) had shown that it yields results which 
ure too high, owing to the presence in the urine of some titratable 
admixtures of buffer nature. The latter can be removed by a 
preliminary treatment of the urines with Lloyd’s reagent. It 
would be interesting to know whether the correction which Neu- 
schlosz claims makes it possible to determine the phosphates by 
Michaelis’ procedure would still hold if lower values for organic 
acids by Greenwald’s improved technique were to be used instead. 

Berg’s main criticism, however, is directed against the assump- 
tion of the existence of both primary and secondary phosphates 
in urine. His view-point can, perhaps, be stated best in his own 
words, as when he says about primary phosphates ((4) p. 29) that 
they are fairly or very strongly acid substances forming complex 
compounds which in turn tend to form still greater complexes. 
He states that this explains their whole behavior and makes it 
also obvious that they cannot even exist in such complicated 
organic mixtures as the body fluids. The primary phosphates, 
according to Berg, are incapable of existing in biological fluids, 
such as urine, blood, saliva, with the exception perhaps of gastric 
juice. In fact he definitely maintains that primary phosphate 
added to a urine disappears immediately. 

This view-point is a complete challenge to what research of the 
past score of years has established regarding the composition of 
biological fluids, and a reexamination of the question to meet 
squarely Berg’s criticism seemed very desirable. This led us to 
find out by direct analysis whether or not primary phosphates do 
actually exist in urine. For this purpose we availed ourselves of 
Kkugelmass’ method (11) for the direct determination of the second- 
ary phosphates, which depends upon the equilibrium established 
when a secondary phosphate reacts with CaSO,;: 4Be.HPO; + 
3CaSO, = Ca;(PO,). + + 3B.SO;. In this reaction 
half of the secondary phosphate is precipitated, while any primary 
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phosphate and one-half of the secondary phosphate remain in 
solution and can be filtered off. A saturated solution of CaSO, 
is added to a mixture of primary and secondary phosphates, 
warmed to 60°, and filtered while hot. The precipitate is washed 
with hot half saturated CaSQ,, then with warm distilled water. 
The precipitate is dissolved quantitatively in acid, and both the 
filtrate and the solution of the precipitate are made up to a definite 
volume. The phosphate was determined by the Kuttner-Lichten- 
stein method (12). 

We performed a number of such determinations on mixtures of 
pure phosphates of different pH, and our results are substantially 
like those reported by Kugelmass. We found that in mixtures 
more acid than pH 6.0 the results tend to become less accurate, 
and that for the complete precipitation of 1 mg. of secondary 
phosphate P, at least 2 cc. of the saturated CaSO, solution must be 
used. ‘The results of our analyses are in even better agreement 
with the theoretical values than has been apparently the case in 
Kugelmass’ experiments. We then applied the same technique to 
the differential analysis of the phosphates in urines. We deter- 
mined the pH of the urine with the quinhydrone electrode, and the 
total P by Kuttner’s colorimetric procedure. ‘The primary and 
secondary phosphates were calculated from these data. A sample 
of the same urine was then treated with a proper amount of 
saturated CaSQ, solution and the P determined both in the filtrate 
and the precipitate. The amount of P in the precipitate multi- 
plied by 2 gave the amount of secondary phosphate P, while the 
P content of the filtrate, when half the secondary phosphate P 
was subtracted, represented the true primary phosphate P in the 
urine. In Table I results are reported of several analyses which 
show that, except at the acid end, very good agreement exists 
between the calculated and the directly determined values for the 
primary and secondary phosphate P of the urine. In this respect, 
therefore, there is also complete correspondence between the 
analyses of urines and of mixtures of pure phosphates. 

Our next problem was to test what became of phosphates, 
either primary or secondary, or a mixture of both, when added to 
urine. The experiments were made with sodium and potassium 
salts, an equal volume of 0.01 m solutions being added to the 
urines. The pH was determined each time on the original urine 


| 
XUM | 


760 Urinary Acidity. II 


TABLE I 


Results Showing Agreement between Calculated and Directly Determined 
Values for Primary and Secondary Phosphate P of Urine 


pH of Total P in Phosphate P calculated P Total in 

nis Primary | Secondary | Primary | Secondary calculated 
mg. mg. mg. mg. mg. mg. 
1 | 7.31 | 1.825 | 0.331 | 1.494 | 0.365 | 1.492 | 1.857 
2 7.21 0.760 0.156 0.604 0.120 0.710 0.830 
3 7.12 1.244 0. 300 944 0). 320 0.976 1. 296 
4 7.10 2 080 0.572 1.508 0.536 1.540 2.076 
3 7.00 2.450 0.803 1.647 C.878 1.614 2.492 
6 6.94 2.340 0.842 1.498 0.873 1.472 2.345 
7 6.91 1.320 0.474 0.846 0.431 1.080 1.511 
8 6.79 2.160 0.972 1.188 1.034 1.236 2.264 
6.67 3.280 1.670 1.610 1.620 1.648 3.268 
10 6.44 3.130 1.972 1.158 1.971 1.138 3.109 
11 6.41 2.280 1.502 0.773 1.475 0.782 2.257 
12 6.00 5.860 4.863 0.997 4.452 0.764 5.216 
13 5.75 1.350 1.215 0.135 1.214 0.000 1.214 


TABLE II 


Recovery of Phosphates from Urine Following Addition of 0.01 m Potassium 
Salts Solutions 


Phosphate P Phosphate P Total 

pH of Phosphate | calculated determined 

urine | added, 0.01 m | of boe- 

Primary Primary lated 

mg. mg. mg. mg. mg. mg. 

7.10 | Ke»HPO, | 7.50 | 2.600 | 0.314 | 2.286 | 0.315 | 2.274 | 2.589 

? 6.94 7.28 | 2.720 | 0.544 | 2.176 | 0.570 | 2.140 | 2.710 
6.79 7.15 | 3.720 | 0.950 | 2.770 | 0.995 | 2.792 | 3.787 | 
6.67 6.99 | 4.840 | 1.648 | 3.192 | 1.594 | 3.244 | 4.838 
7.10 | KH.PO, | 6.84 | 2.600 | 1.093 | 1.507 | 1.061 | 1.466 | 2.527 
6.94 6.54 | 2.720 | 2.060 | 0.660 | 1.857 | 0.982 | 2.839 | 

6.79 6.61 | 3.720 | 2.046 | 1.674 | 1.953 | 1.816 | 3.769 

6.67 6.57 | 4.840 | 3.025 | 1.815 | 2.862 | 2.020 | 4.882 


7.25 | 2.600 | 0.556 | 2.044 | 0.478 | 2.074 | 2.552 
7.14 | 2.730 | 0.710 | 2.020 | 0.704 | 2.048 | 2.752 
99 7.02 | 3.720 | 1.190 | 2.530 | 1.185 | 2.564 | 3.749 
6.80 | 4.840 | 2.130 | 2.710 | 2.148 | 2.646 | 4.794 
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as well as the mixture of urine and the phosphate solution. When 
« mixture of both phosphates was used, these were in such propor- 
tion as to give the same pH as that of the urine. The results with 
both types of salts were alike, and to save space only the results 
with the potassium salts are reported in Table II. 

It is obvious from these experiments that not only secondary 
but primary phosphates as well can be recovered quantitatively 
from the urine to which these have been added. ‘This furnishes 
additional evidence for the actual existence of primary phosphates 
in biological fluids, and thus deprives Berg’s hypothesis of the 
role of the phosphates, especially of the primary phosphates and 
their behavior towards the organic components of the urine, of 
every factual basis. 


SUMMARY 


The primary and secondary phosphates of urine can be frac- 
tionally determined by the precipitation reaction with saturated 
CaSO,, provided the urines are not more acid than pH 6.0. By 
such fractional analysis direct evidence has been obtained of the 
existence in urine of both primary and secondary phosphate com- 
pounds, and in a ratio which may be very closely calculated from 
the hydrogen ion concentration of the urine. Berg’s hypothesis 
that only secondary but not primary phosphates can have any 
real existence in biological fluids is thus shown to be untenable. 
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The fate of injected lactate in the animal body has been the 
subject of numerous investigations. The pertinent literature 
up to 1926 has been summarized by Abramson, Eggleton, and 
Eggleton (1, 2). These workers attempted to draw a comparison 
between the fate of lactate produced during muscular contraction 
and lactate injected into anesthetized dogs. They calculated 
from blood and urine analyses that injected lactate disappeared 
in their animals at a rate of about 0.5 gm. per kilo per hour, but 
they were unable to demonstrate glycogen synthesis in muscle or 
liver and they did not find an extra O, consumption which could 
account for the disappearance of lactate in terms of oxidation. 
These results were in contrast to the findings of Meyerhof (3), Hill 
and coworkers (4), and others, who had shown that removal of 
lactate following muscular activity was associated with an increase 
in O, consumption. Faced with this difficulty, Abramson and 
Eggleton suggested that it may not be the lactate ion alone which 
is responsible for the increased metabolism after muscular activity. 
While they regarded it as a fact that lactic acid may be resynthe- 
sized to glycogen in isolated muscle, they doubted that this 
occurred to any large extent in the intact animal and they pointed 
out that the basal O. consumption of their animals was large 
enough to account for the observed disappearance of injected 
lactate. In other words, in their opinion injected lactate simply 
behaved like an easily oxidizable substrate which replaced other 
food substances in metabolism, so that the total O. consumption 
remained largely unchanged. As a matter of fact, they did ob- 
serve an increase in O. consumption of 17 to 34 per cent, but this 
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they attributed to the rise in plasma bicarbonate which accom- 
panies lactate utilization,! because when they injected bicarbonate 
in amounts equivalent to the lactic acid removed, they observed 
a similar rise in O. consumption. 

The interpretation of their experimental results, as given by 
Abramson and Eggleton, appears to be well founded if the assump- 
tion is correct that the intact organism is unable to form glycogen 
from injected lactate. Recently it has been shown, however, that 
injected lactate may be stored as liver glycogen (5), and Long and 
Horsfall (6) have adduced evidence that it may also be stored as 
muscle glycogen. Since the heat of combustion of lactic acid is 
less than that of glycogen, energy is needed for the conversion of 
the former into the latter. This energy is supplied by oxidations. 
If one assumes that the basal O, consumption represents the 
minimum amount of energy required by the body cells to carry on 
their normal function, additional energy will be needed when 
lactate is synthesized to glycogen and hence the O, consumption 
should rise above the basal level. The failure of Abramson and 
Eggleton to find glycogen synthesis and a corresponding increase 
in O2 consumption may have been due to the fact that they per- 
formed their experiments on anesthetized animals. 

Meyerhof (3) carried out experiments on isolated frog and 
mammalian muscle and on intact frogs. An accumulation of 
lactic acid was produced by anaerobiosis or by electric stimulation 
and in some cases lactate was added to the Ringer solution sur- 
rounding the muscle. In all these cases the extra O, consumption 
could have caused the oxidation of only one-fourth of the total 
amount of lactate which disappeared, and this led to the assump- 
tion that this oxidation provided the energy for the conversion of 
the remaining three-fourths to glycogen. Shorr, Loebel, and 
Richardson (7) and Boyland (8) obtained similar results on isolated 
mammalian muscle. 

It was difficult to see why injected lactic acid should have a 
different fate from that produced in the body during muscular 
activity, especially if the exertion was strong enough to cause an 


' After administration of sodium lactate, the removal of the lactate ion 
by oxidation or carbohydrate synthesis leaves an excess of base in the tis- 
sues. This causes an increase in the bicarbonate content of the blood and 
an increased elimination of bicarbonate in the urine. 
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escape of lactic acid from muscle into the blood stream. In the 
experiments of Hill, Long, and Lupton (4) the blood lactie acid 
rose to 100 mg. per cent and more after strenuous muscular exer- 
cise. Simultaneous determination of the rate of fall of blood 
lactate and of extra O. consumption made it possible to calculate 
the oxidation quotient during the recovery period under the 
assumption that the lactate was distributed in 50 per cent of the 
body weight. The average oxidation quotient was found to be 
5; v.e., the extra O. consumption accounted for only one-fifth of © 
the lactate which disappeared. 

There is one important difference, however, which needs to be 
emphasized. Following muscular exertion the output of the 
heart and the blood flow through muscle are greatly increased and 
remain so for some time. ‘This enables the organism to increase 
its O, consumption several hundred per cent. Following the 
injection of lactate, circulatory changes are small and consist in 
some vasodilation in muscle (Rein and collaborators (9)); hence 
moderate increases in O. consumption are to be expected. 

The present experiments were carried out on unanesthetized 
animals, which, as previous experience has shown, are capable of 
forming glycogen from injected lactate. It seemed of interest to 
determine whether under these conditions any support could be 
found for the contention of Abramson and Eggleton that injected 


lactate, in contrast to that produced in the body, fails to cause an 


increase in O. consumption. 


EXPERIMENTAL 


Rabbits were used, because these animals, with few exceptions, 
will remain perfectly quiet when placed in a small box. They 
were fasted 17 to 48 hours before being used for the experiments; 
their weights were between 2 and 4 kilos. In the majority of cases 
a tracheal cannula was inserted under local anesthesia, an opera- 
tion which after some practice could be accomplished speedily and 
with a minimum of trauma. Several hours were allowed for 
recovery from this operation. In a few animals a mask was fas- 
tened air-tight around the head by means of several windings of 
rubber dam. Flutter valves of the type used in the Benedict- 
Roth metabolism apparatus served to separate the inspired and 
expired air. The latter was collected in inner tubes of automobile 
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tires, and by having several of these tubes ready, the O. consump- 
tion could be measured continuously. The expired air was mixed 
by rotation of the tubes and was then metered in a spirometer of 
appropriate size. An aliquot gas sample was collected over mer- 
cury and was analyzed in duplicate in a Haldane apparatus of the 
Boothby type. In the management of the Haldane apparatus the 
directions of Boothby and Sandiford (10) were closely followed and 
outdoor air analyses were run on each day on which the apparatus 
was used. After some preliminary practice by one of us (Kk. W. 
B.), the accuracy of analysis attained was the same as claimed by 
Boothby and Sandiford. 

Some representative experiments were repeated at St. Louis. 
In this case a closed system was used for the measurement of 
QO, consumption and the animal was attached to this system by 
means of a tracheal cannula. The air was circulated by a small 
hair dryer which was adapted to this purpose and CO, was ab- 
sorbed in a tower of soda-lime. A rubber warm water bottle 
was connected with the system and served the double purpose of 
functioning as a pressure equalizer and as an oxygen reservoir. 
Oxygen was fed to the rubber bag as needed from a 1000 ce. 
graduate cylinder, the oxygen being displaced by water, while a 
manometer served to adjust the system to atmospheric pressure 
at the beginning and end of each period. In this way ec. of 
oxygen consumed could be read directly on the graduate cylinder. 
Measurements of O. consumption carried out in successive periods 
by this method and the Haldane method, as described above, gave 
very satisfactory agreement. In ten such comparisons of 10 min- 
ute metabolism periods the differences were —2.7, —2.2, —4.5, 
+0.8, +1.1, —1.8, —1.8, +1.9, +0.5, +0.9, average 1.8 + 0.8 
per cent. 

Each experiment started with a constant intravenous injection 
of Ringer’s or physiological salt solution into a marginal ear vein. 
A needle was inserted into the vein and held in place by two bull- 
dog clamps, the tips of which were armed with rubber tubing. The 
needle was connected by means of adapter and rubber tubing to 
a Woodyatt pump which delivered the solution from a burette. 
The rate of injection was generally 0.6 to 0.7 ee. per minute which 
was about the same rate at which the lactate solution was subse- 
quently administered. If the solution injected is not at body tem- 
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perature, the metabolism rises somewhat and it is necessary to 
continue with the injection of salt solution for some time until a 
new constant metabolic level has been attained. It is preferable 
to insert a small heating element in the circuit just before the 
solution enters the needle and to deliver the solution at body 
temperature. 

While the salt solution was flowing in and with the animal 
thoroughly accustomed to the procedure, several measurements of 
the basal O. consumption were made. A blood sample of 3 cc. 
was removed for lactic acid determination from the ear vein of the 
other side, which took but a minute if the ear had been previously 
made hyperemic by application of xylene and heat. The connec- 
tion between adapter and needle was then broken and the needle 
connected with the pump delivering the lactate solution.? Lactic 
acid was injected at a constant rate for 30 minutes and the O, 
consumption measured continuously during that time. At the 
end of the lactate period another blood sample was removed and in 
some experiments the measurement of O, consumption was con- 
tinued and additional blood samples were taken. 

Blood lactic acid was determined in duplicate by means of the 
Friedemann, Cotonio, and Shaffer method as modified by Wendel 
(11). In some experiments blood was collected under oil and the 
CO, content determined in the Van Slyke manometric apparatus. 

l-Lactic acid® was injected as the sodium salt in concentrations 
varying between 1 and 11 per cent, depending on the amount of 
lactate to be given. In some experiments 3 per cent free /-lactic 
acid was injected. If higher concentrations were used, hemolysis 
became very marked and if larger amounts of fluid were injected, 
dilution of the blood had to be taken into consideration. These 
two factors limited the amount of free lactic acid which could be 
administered in 30 minutes to 200 to 400 mg. per kilo. d-Lactic 
acid was given as the sodium salt. In certain control experiments 


> Attention is called to the fact that neutral lactate or pyruvate solutions 
may dissolve considerable amounts of copper, while in contact with the 
metal parts of the pump, so that an all-glass injection apparatus is much to 
he preferred. 

3 In accordance with the nomenclature based on configurational relation- 
ships the dextrorotatory or sarcolactic acid is designated as 1(+)- or briefly 
us l-lactic acid and the levorotatory isomer as d(—)- or as d-lactic acid. 
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3.5 to 4 per cent sodium bicarbonate was injected instead of the 
lactic acid solution. The majority of experiments was carried 
out with preparations of /- and d-lactic acid which were described 
elsewhere (5) and which gave satisfactory analyses for water of 
crystallization, optical rotation, and Zn content of the zinc salts. 
The experiments at St. Louis were made with a sample of zinc 
l-lactate received from the Eastman Kodak Company; it gave 
almost theoretical values for water of crystallization and optical 
rotation. Conversion into the sodium salt was effected by treat- 
ment with NaOH and Na,CO; and removal of zine hydroxide by 
filtration. 

An obvious control experiment consisted in a measurement of 
O, consumption over a period of several hours in order to determine 
the constancy of the metabolic rate under the experimental con- 
ditions chosen. ‘Twelve such experiments were made at various 
times while the work was in progress and it may suffice to record 
two here. In the first case a mask was used and O, consumption 
was measured over a period of 23 hours. The values for consecu- 
tive periods in cc. of O, per kilo per hour, reduced to standard con- 
ditions, were 563, 578, 580, 569 and the corresponding respiratory 
quotients 0.77, 0.78, 0.74, 0.73. In the second case a tracheal 
cannula was inserted; the values obtained for O, consumption 
during a period of 33 hours were 595, 610, 582, 567, 611 and the 
respiratory quotients were 0.75, 0.75, 0.78, 0.73, 0.75. 


Results 


The data in Table I are arranged according to the amount of 
lactate injected. In the first nine experiments with injection 
rates of l-lactate of 150 to 400 mg. per kilo per 30 minutes, the 
blood lactic acid rose with two exceptions 10 mg. per cent or less; 
1.e., these animals were able to remove lactic acid almost as fast as 
it was injected. This emphasizes the necessity of measuring O, 
consumption while the lactic acid is flowing in. With injection 
rates above 500 mg. per kilo removal was no longer able to keep 
pace and the blood lactic acid rose 20 to 50 mg. per cent, but owing 
to the short duration of this rise there was only an insignificant 
loss of lactic acid in the urine. 

In view of the high diffusibility of lactic acid and a rate of injec- 
tion not greatly exceeding that of removal, it seemed justified to 
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Injections were made intravenously and lasted 30 minutes. 


TABLE I 
Kffect of l(+)- and d(—)-Lactate and of Sodium Bicarbonate on Og Consump- 
tion of Rabbits 
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sumption is given in cc. and lactic acid injected and removed in mg. per 
kilo per 30 minutes. Blood lactic acid is expressed in mg. per cent. 


I:xperimental period (30 min.) 
Lactic Oxida- 
Oz | lactic | O2 | lactic equiv- — 
acid acid alent 
(1) | (2) (3) | (4) | @) (6) (7) | (8) | (9) | (0) 
Sodium /-lac- | 1 | 299 | 19.8} 322 | 29.8 152 102 | 76/ 23 3.3 
tate 2 | 238 | 18.1) 265 | 21.8 164 145 | 108 | 27 | 4.0 
3 | 242 | 19.3} 270 | 27.8 175 132; 98 | 28| 3.5 
4 | 303 | 16.8) 335 | 29.0; 215 154} 115 | 32! 3.6 
5 | 269 | 21.0) 295 | 38.7) 221 132 | 98} 26) 3.8 
6 | 222 | 39.2} 261 | 50.0; 252 198 | 147 | 39 | 3.8 
, 7 | 238 | 18.0) 304 | 25.3) 307 271 | 202 | 66) 3.1 
' 8 | 253 | 12.0) 308 | 20.5) 363 321 | 238 | 55} 4.3 
: 9*| 299 | 23.2) 405 | 31.6, 405 | 363 | 270 | 106 | 2.6 
10 | 242 | 47.6) 312 | 77.5) 558 404 | 300 | 70} 4.3 
11 | 232 |; 18.4 318 | 38.6; 554 453 | 337 | 86] 3.9 
12 | 191 | 22.6; 282 | 73.6) 735 480 | 356 | 91 / 3.9 
13 | 220 | 18.8) 318 | 70.0) 849 593 | 441 |} 98 | 4.5 
Average......... 245 299 378 282 | 210 | 54] 3.9 
Free Jl-lactic | 14 | 265 | 10.7; 296 | 12.8) 218 207 | 154 31] 5.0 
acid 15 | 290 | 11.8) 339 | 19.2; 292 255 | 190} 49 | 3.9 
16 | 242 | 8.5} 292 | 16.6) 358 313 | 232 | 50 | 4.6 
17 | 177 | 10.6) 230 | 26.7) 379 299 | 222 | 53 | 4.2 
Average......... 243 289 310 269 | 200 | 46 | 4.4 
Sodium d-lac-| 18 | 277 | 13.4) 337 | 32.3) 141 46 | 34) 60/ 0.6 
tate 19 | 313 | 15.6) 346 | 40.8 185 59 | 44) 33/1.3 
20 | 228 | 14.7; 299 | 62.4 352 114 | 85] 71/)1.2 
21 | 253 | 15.2) 328 | 89.7; 543 170 126; 75/1.7 
22 | 171 | 21.6) 269 |195.0; 984 117 | 87}; 9810.9 
Average......... 249 316 441 101 | 67) 1.1 
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TABLE I1—Concluded 


| Basal period 


| = | nin ) experimental period (30 min.) 
| 
a) @ | @ | | ® (6) (7) | (8) | | (lo) 
Sodium biecar-| 23 | 277. 288 76 11 
bonate 24 | 268 268 172 0) 
25 | 288 | 20.2) 289 | 19.0 221 1 
26 | 281 7.3] 298 9.5 260 17 
27 | 321 | 14.1) 336 | 13.1 281 15 
28 | 230 248 307 18 
29 | 259 267 331 8 
30 | 135 | 17.5) 146 | 18.2) 358 11 
31 | 258 271 384 13 
32 | 317 330 550 13 
33 | 317 323 dD 6 
34 | 197 8.4 206 9.0 702 | 9 | 
Average......... | 262 | 272 | 250 | | 10) 


* Not included in average. 
+ As lactic acid equivalent. 


assume that the distribution of lactic acid in the tissues remained 
the same throughout the experiment. This should make it possi- 
ble to calculate from the blood values how much lactate is present 
in the body at the beginning and end of injection and hence how 
much of the injected lactic acid has disappeared, provided it is 
known in what percentage of the body weight the lactic acid is 
distributed. As stated previously, Hill et al. (4) assumed a distribu- 
tion in a volume corresponding to 50 per cent of the body weight.* 
This figure was put to a test in the following way. In Experiment 
4, Table I, lactic acid per ec. of blood multiplied by 500 (since all 
values are given per kilo of animal) gives 84 mg. before and 145 
mg. after injection, corresponding to a retention of 145 — 84 = 61 
mg. of lactic acid out of 215 mg. injected; hence 215 — 61 = 154 


4 Hartmann and Senn (12) injected sodium lactate in children. In 
order to be able to predict the degree of alkalosis produced, they assumed 
a distribution of lactate in 65 per cent of the body weight and found on this 
basis a good agreement between calculated and actually observed increase 


in blood 
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mg. of lactic acid disappeared. The liberation of base from 154 
mg. of sodium lactate should yield 154 x 84/90 = 144 mg. of 
sodium bicarbonate. The blood CO, in this experiment rose from 
43.5 at the beginning to 53.6 volumes per cent at the end of the 
lactie acid injection period. The question was, what amount of 
bicarbonate injected intravenously at a constant rate for 30 min- 
utes would give the same rise in blood CO.. This was found to be 
160 mg. of bicarbonate per kilo, which is reasonably close to the 
calculated figure of 144 mg. It is not claimed that a distribution 
in 50 per cent of the body weight is an accurate estimate,®> but 
since the same factor was used for the calculation of all experiments, 
the values obtained should at least be comparable to each other. — 
It may also be pointed out that by assuming a distribution in 60 
instead of 50 per cent of the body weight, the above value would 
merely be changed from 154 to 142 mg. of laetie acid which 
disappeared. 

Columns 6 and 7, Table I, show that there exists a fairly close 
proportionality between the amounts of lactic acid which were 
injected and the amounts of lactic acid which disappeared. In 
most. cases disappearance amounted to more than 70 per cent of 
the lactic acid injected. It is of interest that when large amounts 
were given (Experiments 10 to 13), /-lactate was disposed of as 
rapidly in rabbits as injected glucose. 

Since such substantial amounts of lactate were used by these 
animals, it seemed profitable to calculate how much oxygen would 
be required for complete oxidation of the lactate which disappeared 
and to compare this with the extra Os. consumption actually 
observed. This has been done in Columns 8 and 9 of Table I. 
The figures of Column 8 were found by multiplying those of 
Column 7 by 0.744 (1 mg. of lactie acid requires 0.744 ec. of Op. 
for oxidation). By subtracting the figures of Column 2 from those 
of Column 4, one obtains the figures in Column 9. It may be seen 
that in all cases the extra O. consumption, as found, was insufficient 
to oxidize the lactic acid which disappeared. By dividing the 


> Eggleton and Evans (13) found that the lactic acid content of tissues 
(with the exception of muscle) was somewhat less than that of blood plasma, 
both at rest and during recovery from exercise. According to these analy- 
ses the distribution of lactate must be in a smaller volume than that repre- 
sented by the water content of the body. 
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values of Column 8 by those of Column 9 one finds the oxidation 
quotient which indicates how many moles of lactic acid disappear 
when 1 mole is oxidized. With one exception this quotient was 
found to be between 3 and 4.5 and averaged 3.9 for the whole series. 

As stated previously, the calculation of the amount of lactate 
which disappears may be subject to error, because it is based on 
the assumption that lactate is distributed in 50 per cent of the body 
weight. In order to illustrate to what extent such an error may 
influence the value of the oxidation quotient, we may return to 
Experiment 4, Table I. It was shown that a distribution in 60 
instead of 50 per cent of the body weight would give a disappear- 
ance of 142 mg. of lactic acid and this would give an oxidation 
quotient of 142 X 0.744/32 = 3.3 instead of a quotient of 3.6 
which is based on a distribution in 50 per cent of the body weight. 
Similarly a distribution in 40 per cent of the body weight would 
give a quotient of 3.9. Even if one assumes an error of 20 per 
cent in the estimated distribution of lactic acid, the resulting differ- 
ences in the quotient would not be large enough to affect the 
significance of the results obtained. 

There is another, more serious source of error in the determina- 
tion of the oxidation quotient, which needs to be considered. This 
is the effect produced by the increase in the bicarbonate content 
of the blood during lactate utilization. In order to arrive at an 
estimate of the magnitude of this error, bicarbonate was injected 
at a constant rate for 30 minutes in amounts equivalent to the 
lactic acid removed. With amounts below 220 mg. of bicarbonate 
per kilo (Experiments 23 to 25, Table I) there was a doubtful rise 
in O. consumption. Amounts above 260 mg. per kilo produced 
an increase in OQ. consumption in each case, but there was no 
progressive rise in O. consumption when increasing amounts of 
bicarbonate were injected. For an average of 350 mg. of bicarbo- 
nate injected the average of extra O. consumption was 10 ce. per 
kilo per 30 minutes (Table I). In the lactate experiments one 
finds an average extra O. consumption of 54 ec. per kilo and a 
disappearance of 282 mg. of lactic acid. A correction for the 
bicarbonate error would change the oxidation quotient of these 
experiments from 3.9 to 282 & 0.744/44 = 4.8. 

As an additional check on the influence of bicarbonate on ©, 
consumption, four experiments were done in which free /-lactic 
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acid was injected (Table 1). For a given amount of lactic acid re- 
moved the extra O. consumption was smaller and consequently the 
oxidation quotient higher than in the experiments in which sodium 
lactate was injected, which indicates that in the latter case the 
error introduced by the increase in blood bicarbonate is a real one. 

It should be pointed out that the O, consumption may remain 
elevated for some time after the injection of large amounts of 
sodium lactate. Since most of the lactic acid has disappeared 
at, the end of the injection, the extra O. consumption cannot be 
related to the removal of lactic acid. <A similar increase in O, 
consumption persists for some time after bicarbonate injection, 
presumably because the elimination of excess bicarbonate from the 
body is a relatively slow process. It may be assumed, therefore, 
that the failure of the O, consumption to return promptly to the 
basal level after removal of 70 per cent or more of injected lactate 
is due to the increased amount of bicarbonate which is present in 
blood and tissue at that time. 

There are several reports in the literature to the effect that in- 
jections of large amounts of carbonate or bicarbonate cause an 
increase in the lactic acid content of the blood. If this occurred in 
the present experiments, the oxidation quotient would be found 
smaller than it really is. In numerous control experiments we 
have been unable, however, to detect any influence of bicarbonate 
on the lactic acid content of the blood, at least under our particular 
experimental conditions. Five such experiments are recorded in 
Table I and there are additional experiments which will be incor- 
porated in a later report. This does not necessarily contradict 
the findings of previous investigators. The experiments of Anrep 
and Cannan (14) and of Eggleton and Evans (15) were performed 
on heart-lung preparations or on perfused hind limbs and not on 
intact animals. In the experiments of Gesell and collaborators 
(16) on anesthetized dogs 17.6 to 37.4 gm. of bicarbonate were 
injected in 5 minutes, corresponding to a dose of 0.8 to 1.8 gm. per 
kilo. This caused a definite shift in the pH of the blood to the 
alkaline side. In contrast to these large amounts, an average of 
only 0.35 gm. of bicarbonate per kilo was injected in our experi- 
ments; the injections were made in unanesthetized animals and 
extended over a period of 30 minutes. Consequently the increase 
in blood bicarbonate was much smaller than in the experiments of 
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Gesell and collaborators. This probably accounts for the facet 
that the blood lactic acid level remained uninfluenced by the 
bicarbonate injection. It may also be pointed out that Bock, 
Dill, and Edwards (17) were unable to induce changes in the lactic 
acid content of the blood of normal men by administering 20 gm. 
of bicarbonate by mouth. Warburg, Posener, and Negelein (18) 
have shown that the lactic acid formation of surviving tumor tissue 
rises if the bicarbonate concentration of the surrounding fluid is 
increased and the pH kept constant or if the pH is increased and 
the bicarbonate concentration kept constant. It seems probable 
that an increased production of lactic acid occurs in most tissues 
when the bicarbonate concentration of the blood rises, but’ unless 
the production of lactic acid exceeds its removal (which may be 
expected to occur only after injection of large doses of bicarbo- 
nate), the blood lactic acid level will remain unchanged. The 
effect of bicarbonate in increasing O, consumption of the intact 
animal may be in part the result of an increased production of 
lactic acid in the tissues. 

Sodium d-lactate was injected in five experiments. ‘The maxi- 
mum amount which disappeared in 30 minutes was 114 to 170 mg. 
per kilo of rabbit (Experiments 20 to 22). In one case the blood 
lactic acid was very high at the end of the injection, so that there 
was probably some excretion of lactic acid in the urine. This 
would make the amount of lactic acid utilized still lower. In the 
experiments with /-lactate the maximum amount which disap- 
peared in 30 minutes was 593 mg. per kilo of rabbit or 3.5 to 4 
times as much as in the experiments with d-lactate. <A different 
rate of utilization of the two isomers of lactic acid has also been 
observed in rats (5) and in isolated tissues (19). It has been 
found, moreover, that d-lactate in contrast to /-lactate formed 
practically no liver glycogen, and it is probably this inability to 
form glycogen in the tissues which accounts for the slow rate of 
utilization of the d isomer. 

The present experiments may be interpreted in the same way. 
It may be seen in Table I that the O, equivalent of the d-lactate 
which disappeared and the extra O, consumption were of similar 
magnitude, so that the average oxidation quotient was close to 
unity. In other words, oxidation alone could have accounted for 
the observed disappearance of d-lactate. In the case of l-lactate 


XUM 


| 
| 


Buchwald, Cori, and Fisher 775 


3 to 4 times as much disappeared as could have been oxidized on 
the basis of the extra O. consumption. The simplest assumption, 
which would also be in harmony with previous findings, is that 
injected /-lactate is converted to glycogen under expenditure of 
oxidative energy,® while d-lactate, though it can undergo oxidation, 
is not converted to any appreciable extent to glycogen. 

Respiratory quotients were not recorded in Table I because they 
could not be interpreted, owing to changes in the acid-base equi- 
librium incidental to the removal of lactic acid. No assumptions 
can thus be made as to the nature of the substrate which is under- 
going oxidation and which furnishes the energy for conversion of 
l-lactate to glycogen, but the inference of recent work on the respir- 
atory quotient of muscle poisoned with iodoacetate is that lactic 
acid itself is capable of undergoing oxidation in muscle (20). In 
answering the question raised in the introduction it would seem 
that injected /-lactate is disposed of in the same manner and with 
approximately the same efficiency (oxidative quotient 4) as lactic 
acid produced in muscle during contraction. 


SUMMARY 


1. Intravenous injection of /(+)-lactate (sarcolactie acid as 
sodium salt) at rates varying between 150 and 850 mg. per kilo 
per 30 minutes caused an increase in the O, consumption of un- 
anesthetized rabbits. Disappearance of lactate was calculated 
from blood analyses before and after injection and amounted to 
70 per cent or more of the amounts administered. The extra O, 


* It could be argued that the injected lactate replaces the oxidation of 
earbohydrate or fat, so that more l-lactate is oxidized than is indicated by 
the extra O2consumption. This possibility cannot be denied, but since it is 
futile to speculate to what an extent such a replacement occurs, it seemed 
preferable to present the data under the assumption that the basal O» 
consumption remained unchanged during the period of lactate injection. 
Incidentally all determinations of the oxidation quotient which have been 
made in the past are based on the same assumption. In Experiments 12 
and 13, Table I, where large amounts of l-lactate were injected, the total O» 
consumption of the animals was substantially less than the O; consumption 
required to oxidize the lactic acid which disappeared. Therefore, even if 
one assumes that lactic acid replaced all other food substances in metabo- 
lism, there is a considerable amount of lactic acid left which must have been 
disposed of in another way. 
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consumption accounted for only one-fourth of the lactate which 
disappeared ; z7.e., the oxidation quotient averaged 3.9 for the whole 
series with variations between 2.6 and 4.5. Control experiments 
were made in which bicarbonate was injected in amounts equiva- 
lent to the lactate removed; the blood lactic acid level remained 
unchanged but there was a rise in QO, consumption. <A correction 
applied for the effect of bicarbonate on O. consumption would raise 
the average oxidation quotient of this series to 4.8. Injections of 
free /(+-)-lactic acid (which do not involve a bicarbonate error) 
gave an average oxidation quotient of 4.4. 

2. Rabbits were able to utilize only one-fourth as much d(— )- 
lactate as 1(+)-lactate. The average oxidation quotient of the 
experiments in which d(— )-lactate was injected was 1.1. 
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There is an extensive literature dealing with the utilization by 
the animal body of various complex natural triglycerides, but up 
to the present time little attention has been paid to the separation 
and study of the individual fatty components for their ability to 
supply energy and support growth. ‘There is no apparent reason 
to suppose that the individual components of a fat should be any 
less efficient from a nutritional standpoint than is the original mix- 
ture. Our views concerning the metabolism of fats recognize no 
essential difference in the method of combustion and transport of 
different fatty acids. The question has taken on an added interest 
with the recent discovery by Burr and Burr (1) of a particular fatty 
acid essential for well being. The writer undertook to fractionate 
a natural fat (coconut oil) and to study its various components by 
feeding experiments upon rats of the Wisconsin inbred strain. 

Certain fatty glycerides have previously been investigated. 
Davis (2) fed 15 per cent of tributyrin to chickens and reported 
that the material was distinctly toxic. Eckstein (3) fed 15 per cent 
of tricaproin to rats and found good growth, although no caproic 
acid could be detected in the body fat. Powell (4) investigated 
tricaprylin and trilaurin by feeding these substances to adult, 
previously fasted rats at a 25 per cent level. She found traces of 
caprylic acid in the body fat of rats fed tricaprylin, and the body 


* Read before the American Society of Biological Chemists at Phila- 
delphia, April 28-30, 1932. 

The expenses of this investigation were defrayed in part by a grant from 
Mead Johnson and Company for the study of fat metabolism. 
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fat of rats receiving trilaurin contained some 25 per cent of lauric 
acid. Rats fed tricaprin deposited 15 per cent of caprie acid in 
the body depots (5). Ozaki (6) has studied the growth-promoting 
effect of various fats, purified esters, and synthetic compounds. 
He restricted the food intake of young rats to 9 gm. a day, and 
when they came to constant weight allowed them, ad libitum, the 
same diet with varying amounts of fats. He expressed the relative 
Ndhrwert of different compounds as gm. of weight gained above 
the constant weight level. It is evident that 9 gm. of food per day 
will allow a young rat to grow to almost an adult weight, and that 
weight changes after a long preparatory period, followed by ad 
libitum feeding, are subject to more factors than can be attributed 
to the type of fat employed in the diet. Eckstein (7) fed 17.6 per 
cent of free myristic acid to rats, and observed good growth. 

Balance experiments with stearic esters and palmitic esters were 
initiated by Arnschink (8) in 1890, and Frank (9) in 1898. Arn- 
schink found that two dogs absorbed 9 and 13.8 per cent of tristearin, 
respectively, and Frank recorded the absorption of ethyl stearate 
by dogs as 12.7 per cent, and of ethyl palmitate as 86.3 per cent. 
More recently Lyman (10) reported the absorption of ethyl stearate 
and ethyl palmitate in dogs to be 10 and 50 per cent, respectively, 
and of the corresponding glycerides as 12 and 95 per cent. The 
unabsorbed fat was chiefly inesterform. Miller and Murschauser 
(11) found these esters to be better absorbed by dogs than have 
other investigators. Respiratory experiments showed that the 
absorbed material was utilized. 

It is evident that previous investigators have used different 
species of experimental animals receiving diets of varying composi- 
tion, and that the purified fat constituent was fed at relatively low 
levels. With the exception of the toxicity of ethyl butyrate to 
chickens no marked deleterious effect from other esters has been 
reported, although the absorption of the compounds seemed 
fairly good until the longer chain acids were employed. 


EXPERIMENTAL 


Coconut oil was saponified with alcoholic potassium hydroxide, 
acidified with sulfuric acid, and the fatty acid layer washed several 
times with water. 95 per cent alcohol (4 moles of alcohol per mole 
of fatty acid) containing 3 per cent HCI and anhydrous CaCl, were 
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added, and the mixture refluxed overnight. “Che mixed ethyl esters 
after washing contained less than 2 per cent of free acid. This 
was removed by shaking with dilute ammonia in 50 per cent alcohol. 
The mixed esters were fractionated in a 6 foot laboratory fraction- 
ating column. 

The diet was composed of 20 per cent casein (acid-washed), 55 
per cent fat, 13 per cent maize starch, 6 per cent salts (12), 5 per 
cent dried brewers’ yeast, and 1 per cent cod liver oil. 77.0 per 
cent of the calories was furnished by the variable fat. To keep 
the very liquid esters from separating from the other diet con- 
stituents, a starch paste of suitable consistency was prepared and 
the fat whipped in with an electric mixer. The remaining ingre- 
dients were then added and the mixture stirred until a smooth 
paste was obtained. After rapid cooling the diets were stored in 
theice box. Little or no separation of the esters took place. The 
diets were freshly made not less often than every 2 weeks. Four 
rats, two males and two females, weighing approximately 50 gm. 
at the age of weaning, were placed in wire bottom screen cages, 
and allowed to eat of the diet ad libitum. The food cups were 
weighed, cleaned, and refilled daily, and record kept of the food 
consumed. 


Results 


There is but little information in the literature on the relative 
ease of intestinal lipolysis of glycerides as compared with ethyl 
esters of fatty acids. However, there is no reason to suppose that 
the more fluid esters are less readily split than the higher melting 
glycerides. Considerable simplification was effected in the present 
work by feeding the ethyl esters of the acids. This position is sub- 
stantiated by the weight curves of control rats fed lard and coconut 
oil (as the fat constituent of the diet) when compared with the 
weight curves of rats receiving ethyl esters of lard and of coconut 
oil (Fig. 1). It is evident that there is no significant difference be- 
tween the slopes of any of the first four control curves or of that 
of the fifth curve—obtained by feeding all of the esters of coconut 
oil which were distillable at 15 mm. Lard was used as the control 
fat, inasmuch as good growth had been obtained by Smith and 
Carey (13) after feeding it at a level even higher than that em- 
ployed here. 
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In a preliminary study the coconut oil esters were separated into 
three fractions: compounds boiling at a temperature lower than 
ethyl laurate were distilled under 100 mm. pressure, and incor- 
porated in the above diet as Fraction A; ethyl laurate, comprising 
some 50 per cent of coconut oil, was fed as Fraction B; and all 
esters distillable at 15 mm., above ethyl laurate, were collectively 
termed Fraction C. The composite growth curves are given in 
Fig. 1. Fraction A was markedly inferior in growth-permitting 
ability to the control fats; the animals survived and maintained 
their weights, but growth was subnormal. The behavior of rats 
on Fraction B, ethyl laurate, was most surprising. Almost without 
exception the animals receiving this fat died suddenly before the 
14th day of the experiment. Very good growth was obtained with 
Fraction C. 

Following the unexpected results after feeding the only pure 
compound used, ethyl laurate, about 80 liters of coconut oil esters 
were fractionally distilled in order to obtain the single esters which 
constituted the previous fractions. This allowed the preparation 
of ethyl caproate, ethyl caprylate, ethyl laurate, and ethyl myri- 
state in sufficient quantities to permit separate investigation. The 
series was completed by adding triacetin and ethyl butyrate, pur- 
chased from the Kastman Kodak Company, and ethyl palmitate 
and ethyl stearate obtained by fractional distillation of Procter 
and Gamble’s commercial stearie acid. 

The average weight curves obtained when these substances 
were incorporated in the basal diet at a level of 55 per cent, are 
presented in Fig. 2. Over a 60 day period only two esters allowed 
fair growth, ethyl myristate and glyceryl acetate; one, ethyl 
caprylate, allowed survival of the animals but no growth; ethyl 
butyrate, ethyl laurate, ethyl palmitate, and ethyl stearate resulted 
in the death of all animals within 14 days. Three of the four ani- 
mals on ethyl caproate died, but the one which survived gained 
weight fairly well. Two of the four receiving ethyl caprate died; 
the survivors exhibited mediocre growth. 

Although the relatively small number of rats in each group pre- 
vents any broad generalization, the following interpretation 
seems in accord with the data. There are three distinct portions 
of the series in which the animals do poorly, separated by others in 
which good or fair results are obtained. The groups of esters 
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giving very poor results consist of ethyl butyrate and ethyl 
caproate (C, and Cg), ethyl caprate and ethyl laurate (Cy and Cy,), 
and ethyl palmitate and ethyl stearate (Cis and Cis). These 
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Fic. 2. Composite growth curves of four rats, two males and two females 
on each diet, fed pure ethyl esters of the fatty acid series at a level of 55 
per cent of the diet (77 per cent of the calories). Triacetin was the only 
glyceride employed. The numerical designation refers to the number of 
carbon atoms. 


groups are separated by triacetin (C.), which permits the best 
growth of any member of the series, ethyl caprylate (Cs), and ethyl 
myristate (Cy). Ethyl caprylate supported life but not growth; 
weight was almost at a standstill, the rats lost all their hair, and 
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stored a negligible amount of body fat—behaving in these re- 
spects similarly to those rats receiving FractionA. Ethyl myristate 
supported fair growth, although not equal to that of rats receiving 
the mixed esters. There was a marked flattening of the weight 
curve before a normal adult weight was reached. 

The cause of death in the three fatal regions does not appear 
to be identical. Food consumption records explain the death of 
the animals receiving ethyl butyrate; they died since they would 
not partake of the odorous ester. The same explanation probably 
holds true for the three animals which died within 10 days after 
being offered the ethyl caproate diet. Food records indicate 
sufficient caloric intake to allow one animal to survive; one did 
survive and grew fairly well. 

Ethyl Palmitate and Ethyl Stearate—The animals receiving diets 
containing these esters likewise died, but for a different reason. 
Although both compounds are liquid at the body temperature of 
the rat, after saponification the free acids melt considerably above 
that point. Consequently the free acids or soaps were unavailable 
for metabolic purposes and were excreted. This was grossly evi- 
dent from the physical appearance of the fecal pellets; they were 
numerous, very large, white, hard masses. Fig. 3 shows the per- 
centage retention of ethyl stearate, and the form in which the fat 
was excreted in the feces.! It is worthy of note that the majority 
of the excreted lipids was free acid and soap, while there was but 
little relative increase in the excretion of unsplit ester. This would 
seem to answer the question of the relative lipolysis of ethyl esters 
and glycerides. This is in contradistinction to the findings of 
Frank (9) and Lyman (10) on dogs, as most of the lipid excreted 
by these animals, after saturated ethyl esters were fed, was 
unsplit. The figures for retention of ethyl stearate are in close 
agreement in both species. 

An attempt to accustom rats to ethyl stearate by feeding de- 
creasing percentages of lard mixed with the stearate was unsuccess- 
ful. ‘The rats died when transferred to a pure ethyl stearate diet. 

Ethyl Laurate—After the death of the first four rats receiving 
ethyl laurate, various other groups were employed, in all twenty- 
five animals. Uniformly, death ensued within 2 weeks. Glyceryl 


1] am indebted to Miss Dorothea M. Cross for these analyses. 
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laurate caused similar results. Evans and Lepkovsky (14) report 
that 30 per cent of their animals receiving glyceryl laurate (ata 
level of 60 per cent) died very suddenly before the 50th day of life. 
They were unable to explain this phenomenon, and no_ physical 
treatment which might have purified the material seemed to lessen 
the toxicity. Strach and coworkers (15) have recently reported 
that methyl laurate introduced directly into the small intestine 
of dogs is toxic. 
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Fic. 3. The percentage retention of ethyl stearate when fed at a level of 
55 per cent of the diet (77 per cent of the calories), and the distribution of 
the excreted fat. 


The animals eat the diet containing this fat as well as they do 
when other fats are used, and during the few days of life they gain 
weight, and appear well—until just before death. Metabolism 
experiments show the material to be almost completely absorbed. 

Dr. G. Lyman Duff of the Department of Pathology, the Johns 
Hopkins Medical School, very kindly made a complete histological 
examination of these rats. Ten animals were placed in two cages, 
and when the first three had died, all were killed. Stomach, heart, 
kidney, brain, liver, bone marrow, and spleen were examined. No 
pathological condition was found. Cultures of peritoneal contents 
taken with aseptic precautions were negative. Blood chemistry 
studies were likewise negative. 
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The rats used in these experiments weighed between 40 and 60 
gm. when placed on the test. It was thought worth while to put 
larger animals on the diet, to see if death would similarly occur. 
Six rats weighing between 60 and 100 gm. were first tried; half 
of these died within the allotted time, the remaining half lived and 
grew subnormally. Of four adult rats, weighing more than 200 
gm., none died and after losing some 10 percent of their body weight, 
they regained and maintained their original weights for a period 
of 3 months. 

On the supposition that possibly an auxiliary fat was necessary 
for complete utilization of ethyl laurate, a small amount (5 per 
cent) of ethyl palmitate was substituted for an equivalent amount 
of ethyl laurate. ‘To our surprise the animals survived and grew 
during the crucial 2 week period, and when two of the four even- 
tually succumbed it was apparently due to causes unrelated to 
the toxicity reported. Similarly, when ethyl oleate, prepared from 
olive oil, was substituted for 5 per cent of the ethyl laurate, the 
animals survived and grew fairly well. 

In order to determine whether the ethyl laurate was available 
as a source of energy or was merely stored as inert material, the 
following experiment was devised. A series of diets was prepared 
which provided quantities of non-fatty ingredients (plus cod liver 
oil) identical to those eaten by normal rats of the same weight 
receiving the control diet. The quantity of food was restricted 
so that this amount of non-fatty material should not be exceeded. 
Thus about 10 calories per day of non-fatty materials were fed— 
this being quite insufficient for growth. One lot of rats was fed 
this basal ration alone, while others were given additional quanti- 
ties of ethyl laurate, enough to provide in one instance 2 additional 
calories per day, and in others 5 and 10 additional calories per day. 
This last diet provided 50 per cent of the calories as ethyl laurate. 
Other diets were prepared providing 60 and 70 per cent of the cal- 
ories as ethyl laurate, in contrast with the original diet in which 
77 per cent of the calories had been supplied as this ester. The 
weight curves of this series of experiments are presented in Fig. 4. 
[t is apparent that growth is limited by the caloric intake; the 
animals receiving no laurate or only small amounts failed to gain, 
whereas those receiving more laurate did correspondingly better. 
After 20 days one group of animals was allowed to eat the diet ad 
libitum and then gained weight rapidly. This diet, and the one 
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providing 60 per cent of the calories as ethy] laurate are of particular 
interest. The animals grew well and did not succumb as did those 
previously given 77 per cent of their calories as this ester. Of 
four rats receiving 70 per cent of their calories in the form of ethyl 
laurate two survived and two died. 
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Fic. 4. Average growth curves of rats receiving: Curve 1, 10 calories 
daily of the non-fatty constituents (including cod liver oil) of the standard 
diet; Curve 2, the same, plus 2 calories daily of ethyl laurate; Curve 3, the 
same, plus 5 calories daily of ethyl laurate; Curve 4, the same, plus 10 calo- 
ries daily of ethyl laurate (at the point marked by the arrow the animals 
were allowed to eat of the diet ad libitum); Curve 5, ad libitum, a diet furn- 
ishing 60 per cent of the calories (35.7 per cent of the diet) as ethyl laurate. 


It is apparent that the lethal effects encountered with ethyl 
laurate cannot be attributed to failure of utilization. No specific 
reason for death can be advanced. The weight of the rat and the 
quantity of ester appear to be significant factors. It is possible 
that the survival of animals in which a small amount of palmitate 
or oleate was substituted for laurate was due to the lowered intake 
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of laurate; however, it is worthy of comment that these animals, 
which did fairly well, actually received slightly more laurate than 
did the four given 70 per cent of their calories as laurate, two of 
which died. This point cannot be stressed because of the small 
series employed, but it seems possible that the addition of the 
longer chain esters may have lessened the toxic effect of the laurate. 
Further observations will be required to settle this point. 

Observations on Fat Storage—It has been well known since the 
pioneer work of Anderson and Mendel (16) that long chain fatty 
acids, when fed, are regularly found in the depot fat. From the 
literature cited above it would appear that this also holds true for 
acids containing as few as 10 carbon atoms, but that only traces of 
8-carbon fats have been so recognized and no shorter chains. In 
view of the very few observations on these short chain esters it 
seemed desirable to determine some of the constants of the depot 
fat in our rats. The fat was extracted from the carcass after 
removal of the abdominal and thoracic organs and the head. The 
carcasses were minced in a meat chopper and extracted once by 
shaking with cold 95 per cent alcohol, and then extracted in a 
continuous type Soxhlet apparatus with 95 per cent alcohol for 
about 2 hours. The alcohol was removed and the final extraction 
with ether allowed to proceed for 8 hours. The first two alcohol 
extractions removed some water, most of the phospholipids and 
coloring matter, but very little fat. The ether extract was usually 
x white solid or liquid uncontaminated by coloring matter. Dupli- 
cate determinations of the saponification number, and the iodine 
number (Wijs) of this extract were made. ‘These values are pre- 
sented graphically in Fig. 5, after conversion of the saponification 
value into the mean molecular weight. 

The parallelism between the curves of these values is at once 
apparent. The fat obtained from rats receiving acids containing 
2 to 6 carbon atoms differs markedly from the fat deposited when 
the control fat, coconut oil, was fed. Both the iodine value and 
mean molecular weights are higher, indicating a conversion of 
the short chain saturated acids into longer chain, unsaturated acids. 
However, with the 8-carbon acid there is the beginning of a change 
in metabolism: the acids from this point to the C,s acid are de- 
posited to a greater or less degree in the depot fat without change 
by the organism. This change is indicated by the change in the 
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slope of the curves occurring between Cs and Cy. The iodine 
number of the depot fat decreases rapidly—apparently reaching 
a minimum iodine number of about 28. Both the Cy. and Cy, acids 
gave this value and although no determinations were possible after 
feeding Cy. and C;s acids (because of death), it is presumed that this 
value is very close to the value which would have been found after 
feeding these acids. This minimum iodine value may be due 
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Fig. 5. Iodine and mean molecular weights of the body fat of rats fed 
individual members of the fatty acid series, plotted against the number of 
carbon atoms in the molecule. (The mean molecule weight of the Cy acia 
is calculated from the data of Eckstein (3).) The calculated mean molecu- 
lar weights of the three long chain triglycerides are indicated by the straight 
line on the right. 


either to (1) admixture with fat of high iodine number stored before 
the beginning of the experiment and carefully conserved; (2) a 
storage of unsaturated acids from the 1 per cent of dietary cod 
liver oil; or (8) extraction of the élément constant of Terroine and 
Belin (17) and Mayer and Schaeffer (18), characteristic of tissue 
fat, and, due to the method of extraction, mixed with depot fat. 

The change in slope of the iodine number curve is paralleled by 
the curve of mean molecular weights. As fats of longer chains 
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are stored in increasing amounts, the molecular weight drops, 
reaching &@ minimum with lauric acid, and then rises, corresponding 
to the fact that the molecular weight of trimyristin, if stored pure, 
would be higher than that of trilaurin. The calculated mean 
molecular weights of the three (Cys, Cis, and C,s) pure triglycerides 
are indicated in Fig. 5 by astraight line. It is thus apparent that 
the depot fat of the C,.-fed rats approaches fairly closely the mean 
molecular weight of pure trimyristin. An extension of the curve 
indicates that if pure tristearin could be successfully metabolized 
the depot fat would be practically pure tristearin. These obser- 
vations on the storage of depot fat confirm the findings of Eekstein 
and of Powell. 


I wish to acknowledge my indebtedness to Dr. L. E. Holt, Jr., 
for many helpful suggestions during the prosecution of this work. 


SUMMARY 


1. Feeding experiments have been carried out on white rats with 
esters fractionated from coconut oil, and the series of saturated 
even carbon fatty acids between 2 and 18 carbon atoms has been 
studied. 

2. It is shown that in the rat mixed ethyl esters permit prac- 
tically as good growth as do mixed triglycerides. The fat is well 
split, in contrast to the findings of others on dogs. 

3. When individual saturated fatty acid esters supply 77 per 
cent of the caloric intake, nutrition, as measured by growth, 7s 77 
no case equal to that obtained with mixtures of esters. 

4. Three portions of the saturated series were encountered with 
which fatal results ensued. Death occurred when ethyl butyrate 
and ethyl caproate were included in the diet because the animals 
usually refused to eat them. Ethyl palmitate and ethyl stearate 
did not support life because of inadequate absorption. With 
ethyl caprate, but more regularly with ethyl laurate, the rats died 
suddenly within 2 weeks. The toxicity is a function of the weight 
of the animal and of the level at which the fat is fed. No charac- 
teristic chemical, bacteriologieal, or pathological changes were 
demonstrable. 

5. It is shown that saturated fatty acids with shorter chains than 
10 carbon atoms when fed to rats fail to appear to any conspicuous 


i 
| 
¢ 


790 Nutritive Value of Fatty Acid Esters 


extent in the body fat of the animal, in contrast to the longer chain 
acids which appear regularly. 


CON 
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Since it was shown by Ingraham, Lombard, and Visscher (1933) 
that changes in the amount of base bound by protein in plasma 
significantly influence the concentration of chloride, sodium, and 
potassium in the ultrafiltrate, it seemed of importance to deter- 
mine the effect of such changes upon the ultrafiltrable calcium. 
The literature on the ultrafiltrable or diffusible! calcium and its sig- 
nificance has been recently reviewed by Stewart and Percival (1928), 
Peters and Van Slyke (1931), Cantarow (1931), and Thomson and 
Collip (1932). A general discussion of the problem is therefore 
unnecessary. However, in view of the prevailing impression that 
the ultrafiltrable calcium is not affected by changes in CO, tension 
or pH, within physiological limits, a critical analysis of the litera- 
ture pertinent to this question is desirable. 

The earlier workers with dialysis and ultrafiltration methods, 
Rona and Takahashi (1911), Cushny (1919-20), and others, made 
no mention of the possible importance of the pH. Von Meysen- 
bug and coworkers (1921) in determining diffusible calcium by 
compensation dialysis reported that varying the CO, tension from 
17 to 62 mm. of Hg in six experiments did not influence the amount 
of diffusible calcium. Neuhausen and Pincus (1923), using the 
ultrafiltration technique of Marshall and Vickers (1923), report 
that, ‘“‘in the case of pig serum saturated at 40 mm. of CO, and 


1 The term diffusible calcium as used in this discussion refers to the 
calcium that passes through an artificial membrane in ultrafiltration or 
dialysis experiments in vitro. 
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also filtered in an atmosphere containing 40 mm. of COs, we failed 
to find any appreciable increase in filterable calcium.” Cruick- 
shank’s compensation dialysis experiments (1923) were conducted 
in a CO.-air atmosphere, indicating that he reeognized the possible 
importance of the pH, but he does not report results with different 
concentrations of COs. 

Methods of ultrafiltration in which no provision is made to con- 
trol CO, tension or pH have been devised by Stewart and Percival 
(1926-27), Richter-Quittner (1921-22, 1924), Freeman and 
Farmer (1930), Hertz (1929, 1930), Nicholas (1932), Benjamin 
and Hess (1933), and Moritz (1925), and have been used by 
scores of other investigators. Updegraff, Greenberg, and Clark 
(1926) improved the method of Moritz (1925) and state, “No 
attempt was made to control the pressure of CO, as it has been 
demonstrated by von Meysenbug and coworkers (11) and by 
Neuhausen and Pincus (1) that the CO, tension is not an impor- 
tani factor in this connection.”’ 

Greenberg and Gunther (1929-30) discuss the possible effects 
of variation in CO, and pH but report (Table II, p. 498) in Experi- 
ments 1 to 3 in which 


‘«.. beef serum was divided into three fractions; one of the fractions was 
left untreated, CO, was bubbled through one portion until the pH was 
about 7.0, and the third was placed in a vacuum and CO, extracted until 
the pH became about 8.0. The three fractions were then ultrafiltered and 
the calcium distribution determined. In all the experiments except No. 2 
the resulting calcium distribution is independent of the treatment. In 
Experiment 2 there is a decrease in diffusible calcium of the evacuated 
fraction and an increase in the saturated fraction that is outside of the 
experimental error.” 


Their Experiment 2 gave a result similar to the invariable findings 
reported in this paper. 

On the other hand, Blum, Delaville, and Van Caulaert (1924) 
report higher values for ultrafiltrable blood calcium in patients 
with pronounced acidosis than in normal subjects. These workers 
also show that bubbling CO, through heparin plasma increases 
the diffusible calcium from 55 to 59 per cent to 78 to 93 per cent. 
No pH determinations were made. Pincus, Peterson, and Kramer 
(1926) found calcium completely ultrafiltrable at pH 4.7, but did 
not explore the conditions at any other deviation of the pH from 
their original plasma. 
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The diffusion experiments of Loeb (1924, 1926), Loeb and 
Nichols (1927), and Marrack and Thacker (1926), as well as the 
solubility studies of Holt et al. (1925), Hastings, Murray, and 
Sendroy (1926—27),and Kleinmann (1928), indicate that the calcium 
ion activity in blood and other protein solutions increases with the 
hydrogen ion concentration. 


Methods 


The calcium was measured in the fluids under investigation by 
a new method, since it was found that the Clark-Collip modifica- 
tion (1925) of the Kramer-Tisdall method gave unreliable results 
on the high protein-containing residues left in the ultrafilter after 
filtration had been allowed to proceed for a time. The method we 
have employed has been exhaustively tested and found to yield 
accurately reproducible results with known and unknown solutions. 

2 ec. of material (serum, plasma, residue, or ultrafiltrate) were 
pipetted into a 14 & 150 mm. Pyrex test-tube and 2 cc. of concen- 
trated HNO; added. The test-tube was placed in an oven at 100—- 
105° until solution was effected and most of the water had evapo- 
rated. 1 to 2 drops of H,O, (0.30 per cent) were then added every 
hour until 10 to 20 drops had been added. Then the contents 
were evaporated to dryness, and dissolved completely in 2 to 3 ce. 
of H.O to which were added 2 drops of concentrated HCl. This 
was rinsed into a 13 cc. pointed centrifuge tube with four 2 ce. 
portions of water, alkalinized with NH; to methyl red, and 2 ce. 
of saturated (NH,4),C.O,4 were added. The following morning the 
tube was agitated by rotation and centrifuged 10 minutes at 1750 
rR.P.M. The supernatant fluid was decanted by one inversion, 
the side of the tube washed down with 1 per cent NH; water, and 
the precipitate broken up with a glass rod and centrifuged for 10 
minutes. This washing was repeated twice. After the last 
washing and decantation, 2 cc. of N H.SO, were added and the 
oxalic acid titrated with 0.005 n KMnQ, at 70—-90°. Details are 
given of the washing process because of the frequent mention in 
the literature of the error involved in such a procedure. This 
error has proved negligible in our hands. Manysamples of known 
CaCl, solutions were analyzed by the method described, with 97 
to 101 per cent recovery. All calcium analyses were performed in 
duplicate. 
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The hydrogen ion concentration of the plasma was measured 
with the quinhydrone electrode. The CO, content of blood was 
determined by the method of Van Slyke and Neill (1924). 

Blood was drawn from the carotid artery of dogs under light 
ether anesthesia. In the experiments in which plasma was used 
heparin was employed to prevent coagulation; in the other cases 
the blood was defibrinated by whipping in glass vessels. After 
centrifugation of the plasma or serum one-half was equilibrated 
with 8 per cent CQ, in air and the other half was washed with 
nitrogen to give the bicarbonate content and pH indicated for each 
experiment. 

Ultrafiltration was carried out in the apparatus described by 
Ingraham eé ai. (1933) and the same precautions described there 
were taken in the preparation of collodion sacks. The filtration 
pressure was 100 mm. of Hg. It should be noted that with the 
apparatus used the plasma and ultrafiltrate are at all times ex- 
posed to the percentage of CQO, in air with which the plasma was 
equilibrated. 


Results 


It is found without exception that an increase in the hydrogen ion 
concentration of the plasma leads to an increase in the calcium in 
the ultrafiltrate. In Table I are presented the results of twelve 
ultrafiltrations upon five samples of plasma and serum, in which 
it is to be seen that the proportion of the total calcium in 
the plasma which passes into the ultrafiltrate increases when the 
plasma is made more acid. The actual figures show that the 
average ultrafiltrable calcium changes from 44 per cent of the total 
at approximately pH 7.65 to 60 per cent at pH approximately 
6.98. A number of preliminary experiments were performed, and 
are not included in Table I because the calcium estimation in the 
plasma residue was not reliable, but in every instance it was found 
that the ultrafiltrate from the more acid plasma contained more 
calcium than did that from the more alkaline. 

These results are calculated on the basis of the water content 
of the fluids, inasmuch as the percentage of solid matter varies so 
widely in the ultrafiltrate, the plasma, and the plasma residue that 
concentrations expressed in relation simply to the volume of fluid, 
the protein content being disregarded, are very misleading. 
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Influence of Changes of pH and Bicarbonate upon Calcium in Ultrafiltrates 
from Plasma 


H20 


Ca per 
100 gm. 
H20 


Distri- 
bution 
ratio 


Ca per Ca per | Distri- 
100 cc. H20 100 gm.| bution 
fluid Hi, ratio 


pH 6.98, 38.22 vol. per cent CO» 


pH 7.78, 20.81 vol. per cent CO; 


ma. mg. mg. mg. 

Experiment 1* 

QO. 10.00} 0.9398} 10.64 10.30} 0.9304) 11.07 

U. 5.85} 0.9884) 5.92 5.50} 0.9872) 5.57 

R. 11.40} 0.9139) 12.47 | 0.512) 12.55} 0.9053) 13.86} 0.447 

U. 6.30) 0.9905} 6.36 5.70} 0.9855} 5.78 

R. 11.40! 0.9096} 12.53 | 0.549) 12.30) 0.9146} 13.45) 0.471 


pH 6.71, 34.45 vol. per cent CO» 


pH 7.66, 18.92 vol. per cent CO: 


Experiment 3* 


(). 
U. 
R. 


Average 


Experiment 2* 
Q. 9 40) 0.9374) 10.03 9.50} 0.9340} 10.17 
U. 7.00} 0.9971; 7.02 5.00} 0.9952} 5.03 
R. 10.10} 0.9103} 11.10 | 0.665) 12.20} 0.9136} 13.35) 0.428 
U. 6.50) 0.9984) 6.61 5.25) 0.9969} 5.27 
R. 10.40) 0.9059} 11.48 | 0.615) 12.15} 0.9098} 13.36) 0.448 


pH 6.95, 40.33 vol. per cent CO2 


pH 7.69, 23.39 vol. per cent CO: 


12.50; 0.9414) 13.28 12.60} 0.9419} 13.37 

6 35) 0.9956) 6.38 5.15} 0.9871) 5.22 
14.25) 0.8584) 16.60 | 0.427; 14.80) 0.8618) 17.17) 0.342 

| 6.40! 0.9987! 6.41 4.25) 0.9900; 4.29 
14.20! 0.8644) 16.43 | 0.431) 14.75) 0.8653) 17.05) 0.282 

6.50) 0.9937; 6.54 5.70} 0.9917) 5.75 
14.80) 0.8664) 17.08 | 0.431) 16.00) 0.8670; 18.45) 0.361 


| 100 ce. || 
| fluid | |_| 
| | 
R. 
R. 
UM 
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TABLE I—Concluded 


Ca per 
100 cc. 
fluid 


H20 


Ca per 
100 gm. 
H:0 


Distri- 
bution 
ratio 


Ca per 
100 cc. 
fluid 


H20 


Ca per 
100 gm. 
H,O 


Distri- 
bution 
ratio 


pH 7.00, 47.70 vol. per cent CO2 


pH 7.60, 30.06 vol. per cent CO: 


mg. 
Experiment 4f 
QO. 11.70} 0.9324 
U. 8.90) 0.9715 
R. 12.50) 0.9076 
U. 9.60) 0.9799 
R. 12.50; 0.9069 
8.20! 0.9728 
R. 12.50) 0.9150 
Average.......... 


pH 6.99, 44.6 vol. per cent CO, 


0.694 


(0). 696 
0.743) 


0.643 


mg. 


11.70 
7.00 
13.40 
6. 50 
13.25 
6.70 
12.85 


gm. per 
ce, 


0.9329] 
0.9762 
0.9039 
0.9761 
0.9080 
0.9764 


mg. 


0.513 


0.509 


‘ 


pH 7.71, 26.86 vol. per cent CO: 


Experiment 57 
QO. 30; 0.9851) 9.94 
U. 7.10 0.9886) 7.18 
R. 10.75; 0.9095) 11.83 
U. 7.15) 0.9831) 7.27 
R. 10.30! 0.9149} 11 26 
U. 7.10, 0.9849! 7 21 
R. | 10 00) 0.9087 11.11 
for entire series... 


0.595, 


0.659 


0.686 


0.685 


0.9373 
0.9885 
0.9 73 
0.9914 
0.9044 
0.9860 
0.9124 


9 98 
5.01 
11.41 
5.19 
12.16 
5.38 
11.62 


0.677 


0. 468 
0.469 


0.493 


0.477 
0.441 


O. = 


residue of plasma after ultrafiltration. 
* Heparinized dog plasma. 
t Defibrinated dog plasma. 


original plasma before ultrafiltration; U. 


ultrafiltrate; R. = 


It should further be pointed out that the distribution ratio is 
calculated on the basis of the concentration in the ultrafiltrate 
in relation to the average composition of the plasma during the 
time of ultrafiltration, which is the arithmetical mean between the 
original and the residue plasma concentration. 
calcium content of the plasma is increasing during the ultrafiltra- 
tion process, it would be improper to compare the filtrate content 


Inasmuch as the 


- 
| | 
| 
| mo. | om 
| | | 
12.55 | 12.54 
9.16 | | 7.17 | 
13.77 | 14.82] 0.524 
| 9.79 | 6.66 | 
| 13.78 | 14.59] 0 491 
| 8.43 | 6.86 
13.66 | | 0.9053) 14.19) 
| 
| 9 35) | | 
| 4.95 | 
10.35 
| 5.15 | 
11.00 
| 10.60 | | 
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with the calcium concentration in the original plasma before 
ultrafiltration began. 


DISCUSSION 


Since it appears that calcium behaves to some extent like the 
other cations investigated by Ingraham et al., and appears in 
higher concentration in the ultrafiltrate when the hydrogen ion 
concentration of the original fluid is increased, and vice versa, it is 
logical to apply the same line of reasoning to the interpretation of 
these observations, as was applied to the case of sodium and 
potassium. They pointed out that such behavior was to be ex- 
pected if the membrane equilibrium phenomenon governed the 
situation and that the magnitude of the effect observed at several 
bicarbonate concentrations was approximately accounted for by 
calculations from the changes in the base bound by protein. 
Since calcium is a bivalent cation, the equation for the membrane 


equilibrium ratio is 


[Ga,] 


= 


where wu refers to the ultrafiltrate concentration, and p denotes 
average plasma concentration as discussed above. The distri- 
bution ratio for chloride at pH 7.00 was found by Ingraham 
et al. (1933) to average 0.97. At pH 7.70 the value was 
0.94. The squares of these chloride ratios should represent the 
distribution ratios for calcium under the same conditions, if the 
activity coefficient for the calcium ion were the same as that of the 
chloride ion. In that case the distribution ratio for calcium at pH 
7.00 should be 0.94, and 0.88 at pH 7.70. Table I indicates that 
the corresponding average determined ratios are 0.60 and 0.44. 
The direction of change of the ratio with pH is the same, but the 
magnitude of the ratios themselves and of the changes in them are 
not in agreement. The differences between the corresponding 
ratios are outside all possibilities of experimental error and some 
explanation is to be sought for the discrepancies. It is extremely 
likely, as others have pointed out, that the activity of the calcium 
ion is depressed by the protein and other constituents of the 
plasma. Whether calcium exists exclusively in salt formation 
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with protein, or whether there are complex combinations of 
another sort, it is impossible to judge from these observations, 
which indicate simply that the effective calcium ion activity is 
less than the analytical concentration would imply. It is, more- 
over, impossible to calculate the calcium ion activity in the plasma 
from the known membrane equilibrium ratio for chloride and the 
figures for the distribution ratio for calcium, in the manner sug- 
gested by Ingraham et al. (1933) for sodium and potassium, 
because it is by no means certain that all the calcium in the ultra- 
filtrate is in simple ionic form, as may be somewhat safely postu- 
lated for the cases of sodium and potassium. Consequently 
ultrafiltration figures give no definite information concerning the 
much discussed ionic calcium of the plasma. When the state of 
the calcium in ultrafiltrates is more completely known, it will be 
possible to calculate calcium ion activity in plasma from the ultra- 
filtrate distribution ratios by the method referred to above. 


SUMMARY 


1. A larger fraction of the calcium in plasma appears in the 
ultrafiltrate when the plasma to be filtered is at pH 7.0 than at 
pH 7.6. On the average 59 per cent is ultrafiltrable at the former, 
and only 45 per cent at the latter pH level, when the changes are 
produced by alterations in CO, tension. 

2. The possible interpretations of these findings are discussed. 
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ence (BUCHWALD, CorI, 
and IIsHEeR) 763 

|-Lactate: 

Oxygen consumption, influ- 
ence (BUCHWALD, Cort, 
and 763 

Lead: 

Cerebrospinal fluid (RaBINO- 
witcH, DINGWALL, and 
MacKay) 725 

— —, detection, spectrogra- 
phie DInG- 
WALL, and Mackay) 

707 

—- —, determination (Ra- 
BINOWITCH,  DINGWALL, 
and Mackay) 707 

Linoleic acid: 
Butter fat 


135 
Linolenic acid: 
Butter fat (ecKsTEIN) 
135 
Lipase: 
Protease effect aLk) 
363 


Index 


Lipids: 
Blood, diet and. II (Bioor) 
699 
—, fasting effect (Surn, Krk, 
and CHURCH) 417 
—, overfeeding effect 
(BLoor) 699 


Tubercle bacillus, chemistry. 


(ANDERSON and 
NEWMAN) 197 
XXXAVII (ANDERSON and 
NEWMAN) 405 

Liver: 
Fatty, dietary production 


(BLATHERWICK, MEDLAR, 
BRADSHAW, Post, and Saw- 


YER) 
Vitamin G (Be) (BLock and 
FARQUHAR) 6455 
Livetin: 
Amino acid fractionation 
(JUKES) 425 
M 
Magnesium: 
Blood serum (BENJAMIN, 


Hess, and Gross) 383 


Milk (Brensamin, Hess, and 


Gross) 383 
Mesocystine: 

Cystine-deficient diet, growth 
effect (LorInc,  Dorr- 
MANN, and pu VIGNEAUD) 

399 
Metabolism: 


Children, dental caries (Boyp, 
Drain, and STEARNS) 
327 
Microorganism: 
Carotene synthesis (Bav- 
MANN, STEENBOCK, INGRA- 
HAM, and 339 


| 
> 
j 
j 
| 
| 
| 
| | 
| 
| 
' 


Subjects 


Microorganism—continued: 
Vitamin A synthesis (Bav- 
MANN, STEENBOCK,  IN- 
GRAHAM, and FRED) 
339 
Milk: 
Anemia from, therapy 
Huau, Rosson, and DraB- 
KIN) 617 
Human. XIV (ERICKSON, 
Sroner, and Macy) 
235 
Molecular rotation: 
Homologous series (LEVENE 


and MARKER) 299 
Muscle: 
Frog, anaerobic, carbohy- 


drate, hydrogen ion con- 
centration effect (KERLY 
and RONzONI) 161 
—, hexosephosphate disap- 
pearance (Ronzonr and 


KERLY) 
Heart, sugar, fermentable 
(Cort, Coss, and Cort) 

13 


Skeletal, sugar, fermentable 
(Corr, Cioss, and Cort) 
13 
Mussel: 
Catalase, oxygen, inactiva- 
tion (Marks and Fox) 
269 


N 


Nitrogenous constituents: 
Milk, determination (Erick- 
SON, STONER, and Macy) 
235 

Nutrition: 

Chick, new factors (KEENAN, 
KLINE, ELVEHJEM, Hart, 
and 671 


| 
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O 
Onium: 

Compounds, physiological 
activity. XIII (Ren- 
sHAW and HorcukiIss) 

183 
XIV (RensHaAw and ArRm- 
STRONG) 187 


Organic compounds: 
Salts, alkaline reserve, inges- 


tion effect. I (Caper and 
SEVRINGHAUS) 257 
Oxidation: 
Catalytic. II (Mryer) 
25 
III (Mryer) 39 
IV (MEYER) 597 
V (MeyeErR) 607 
Oxygen: 


Consumption, d-lactate in- 
fluence (BUCHWALD, Cort, 
and FIsHER) 763 

—., l-lactate influence (BucH- 
WALD, Cort, and FIsHEr) 

763 
Pp 


Parathormone: 

Blood plasma caleium diffusi- 
bility, effect (GILLIGAN, 
Voik, and ALTSCHULE) 

745 
Phenaceturic acid: 

Hippuric acid and, synthesis 

and excretion rates, com- 


parison (TULANE and 
LEWIS) 151 
Phenylcarbinols: 
Separation (LEVENE- and 
MARKER) 373 
Phenyl chlorides: 
Separation (LEVENE and 
MARKER) 373 
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B-Phenylpropylamine: 
Nitrosyl chloride action (LE- 
VENE and MARKER) 


373 
Nitrous acid action (LEVENE 
and MARKER) 373 
Phosphatase: 
Kidney, vasoligated 
and CHANUTIN) 461 
Rat (KINARD and CHANUTIN) 
461 
Phosphate: 


Blood serum and edema fluids, 
concentration, comparison 


(GILLIGAN, VoL_k, and 
ALTSCHULE) 745 

Phosphorus: 
Chick (ELVEHJEM and 
KLINE) 733 
Inorganic, blood serum, 
forms. II] (BENJAMIN and 


Hess) 629 
—, —, hypercalcemia 
(BeNsAMIN and Hess) 629 
Phthiocol: 

Tubercle bacillus, human, 
chemical constitution (AN- 
DERSON and NEWMAN) 


197 
——, —, synthesis (ANDER- 
son and NEWMAN) 405 


Pigment: 
Tubercle bacillus, human, 


chemical constitution (AN- | 


DERSON and NEWMAN) 


Protease: 
Lipase action, effect (FALK) 
363 
Protein: 
Blood serum, amino acid, 
basic (BLock) 261 
— — and edema fluids, con- 
centration, comparison 
(GILLIGAN, VOLK, and ALT- 
SCHULE) 745 
Catabolism, hemoglobin, new 
formed, relation (Dart, 
RoBscHE!IT-ROBBINS, and 
WHIPPLE) 495 
-Free diet, anemia, metab- 
olism, effect (Darr, Ros- 
SCHEIT-ROBBINS, and 
WHIPPLE) 495 
Respiratory, physical con- 
stants (SVEDBERG) 311 
Pyruvic acid: 
Oxidation (MryYER) 39 


R 


Respiratory exchange: 
Apparatus, automatic, small 
animals (Lewis and Luck) 


209 
S 
Serinephosphoric acid: 
Vitellinie acid hydrolysis, 


formation. Il (LEVENE 
and ScHORMULLER) 
537 


197 Sterol: 


—, synthesis (ANDER- 
son and NEWMAN) 
405 
Plant: 


1 


Tissue, vitamin C distribu- | 
tion and determination | 
(Bessey and KinG) 687 | 


| 


Sugar: 


Cerevisterol relation (HONEY- 
WELL and BILts) 515 


Fermentable, heart (Cort, 
Cross, and Cort) 13 
—, muscle, skeletal (Cort, 
Cross, and Cort) 13 
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T 


Tooth: 

Dental caries, metabolism, 
children (Boyp, Drain, 
and STEARNS) 327 

Tubercle bacillus: 
Human, phthiocol, chemical 
constitution (ANDERSON 
and NEWMAN) 197 
—, —, synthesis (ANDERSON 
and NEWMAN) 405 
Lipids, chemistry. XAXXV 
(ANDERSON and NEWMAN) 
197 


XXXVII (ANDERSON and | 


NEWMAN) 405 

Turtle: 
Blood, anoxia effect (JOHLIN 
and MoRELAND) 107 


U 
Urine: 
Acidity. II (Morautis) 
757 
V 
Vitamin(s): 

A, synthesis, microorganisms 
(BAUMANN, STEENBOCK, 
INGRAHAM, and 

339 


Vitamin(s)—continued: 

B, tissue, animal, fat sparing 
action (KEMMERER and 
STEENBOCK) 353 

By. See also Vitamin G. 

C, tissues, determination 
and distribution (BEssEY 
and KING) 687 

Fat-soluble. XXXVIII 
(BAUMANN, STEENBOCK, 
INGRAHAM, and FRED) 

339 

G (Bz). I (Brock and Far- 
QUHAR) 643 

— —, liver (BLock and Far- 
QUHAR) 643 

— —, yeast (BLock and Far- 
QUHAR) 643 

Vitellinic acid: 

Serinephosphoric acid forma- 
tion from hydrolysis of. 
Il (LeEVENE and Scuor- 


MULLER) 537 
Y 
Yeast: 
Vitamin G (Bz) (BLock and 
FARQUHAR) 643 
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